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INVESTIGATION OF WARM-AIR FURNACES
AND HEATING SYSTEMS
PART II
I. GENERAL STATEMENT CONCERNING THE INVESTIGATION
1. The Cooperative Agreement.-This bulletin is the fourth to
be published under the present cooperative agreement* between the
National Warm-Air Heating and Ventilating Association and the
University of Illinois for an investigation of warm-air furnaces and
furnace heating systems. The agreement was formally approved in
August, 1918, and the research work was begun in October of that
year. The first bulletin, a "Report of Progress in Warm-Air Furnace
Research," Bulletin 112 of the Engineering Experiment Station, was
presented to the Association at its annual meeting in Columbus, Ohio,
on June 11, 1919. A special bulletin, "The Emissivity of Heat from
Various Surfaces," Bulletin 117 of the Engineering Experiment Sta-
tion, was presented to the Association at its annual meeting in Cleve-
land, Ohio, on April 21, 1920. The third bulletin, "Investigation of
Warm-Air Furnaces and Heating Systems," Bulletin 120 of the
Engineering Experimental Station, was presented to the Association
at its annual meeting in Cleveland, Ohio, on May 24, 1921.
In addition to these, eight papers on warm-air furnace testing
have been prepared for and published by the American Society of
Heating and Ventilating Engineers.t Two special reports (not pub-
lished) have also been made to the Association at its annual meetings
in Cleveland, Ohio, on April 19, 1922, and April 18, 1923, and the
contents of these reports are included in this bulletin. This bulletin
deals principally with the work accomplished since March, 1921, and
* See "Report of Progress in Warm-Air Furnace Research," Univ. of Ill. Eng. Exp. Sta..
Bul. 112, Appendix II, pp. 61-63, 1919.
t "A Report of Progress in Warm-Air Furnace Testing at the University of Illinois,"
Journal of the A. S. H. and V. E., Vol. 26, No. 2, March, 1920.
"Proposed Furnace Testing Codes for both Pipeless and Piped Furnace Systems, as
Developed in the Warm-Air Furnace Research Work at the University of Illinois," Journal
of the A. S. H. and V. E., Vol. 27, No. 2, March, 1921.
"Air Measurement in Furnace Testing," Journal of the A. S. H. and V. E., Vol. 27,
No. 8, November, 1921.
"Tests of Humidity Conditions in a Residence Heated by a Warm-Air Furnace Using
Recirculated Air," Journal of the A. S. H. and V. E., Vol. 28, No. 1, January, 1922.
"Humidity Requirements for Residences," Journal of the A. S. H. and V. E., Vol. 29,
No. 1, January, 1923.
"Register Temperatures in Warm-Air Heating," Journal of the A. S. H. and V. E.,
Vol. 29, No. 4, May, 1923.
"Wall Stack Size and Heating Effect at the Register," Journal of the A. S. H. and
V. E., Vol. 29, No. 5, July, 1923.
"Heat Emission from Heating Surfaces of a Furnace," Journal of the A. S. H. and
V. E., Vol. 30, No. 1, January, 1924.
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little reference has been made to material contained in the earlier
bulletins.
2. Objects of the Investigation.-The principal objects for which
the investigation was undertaken may be briefly stated as follows:
(1) To determine the efficiency and capacity of commercial
warm-air furnaces under conditions similar to those existing in
actual installations, with leaders, stacks, and registers, to form a
complete system. Both piped and pipeless furnaces are included
under this heading.
(2) To determine satisfactory and simple methods for rat-
ing furnaces so that the proper size and type of furnace can be
definitely selected for the service required.
(3) To determine methods of increasing the efficiency and
capacity of furnace heating equipment, and the advantages or
desirability of certain types of design.
(4) To determine the heat losses in furnace heating systems
and the value of insulating materials as affecting the economy of
the furnace, or the leaders and stacks, and finally of the system
as a whole.
(5) To determine the proper sizes and proportions of
leaders, stacks, and registers supplying air to first, second, and
third floors. Under this heading has also been included the study
of types and sizes of furnaces.
(6) To determine the friction losses in cold-air or recirculat-
ing ducts and registers, and the proper size, proportions, and
arrangement or location of the ducts and registers.
(7) Eventually, to make a study and comparison of out-
side and inside air circulation as affecting the economy and oper-
ation of furnace systems.
In addition to these, the original objects of the investigation, there
has been added the investigation of ordinary gravity-type furnaces
operating with small motor-driven fan units.
3. Discussion of the Problem and Methods Employed.-It should
be noted at the outset of this discussion that the fundamental ideas
involved in the methods used in this investigation, as well as the
furnace plant itself and its essential features, were developed and put
into operation by the Department of Mechanical Engineering of the
University of Illinois in the Spring of 1918. This preliminary work
soon developed the fact that very little could be accomplished in the
investigation of warm-air furnaces and furnace systems unless the
furnaces were operated under the natural gravity flow conditions
which exist in actual installations. The research aspects of the problem
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then became very definite, and may be briefly stated under two gen-
eral heads:
(a) The exact measurement of large quantities of air, flow-
ing at very low velocities, under extremely small heads, but at
atmospheric pressure and usually at high temperature. This
measurement, moreover, must be made just as the air enters or
leaves a register face, and, in piped furnace work, at a number of
widely separated register faces.
(b) The exact measurement of the temperature of air flow-
ing over hot metallic surfaces at points where the temperature
measuring element is in fairly close proximity to the hot surface.
At the same time additional air-temperature readings must be
taken simultaneously at many points.
These two problems have occupied the research staff almost con-
stantly since the work was begun. The first problem has been solved
by an indirect method, using anemometers which are calibrated either
under operating conditions in an air weighing plant or against a
standard Pitot tube. A complete discussion of these two problems and
the methods used in their solution will be found in Bulletin 120* of the
Engineering Experiment Station. The same bulletin also contains
all the important results of the previous work which has been done in
this investigation. The second problem has been solved by the use
of thermocouples and a potentiometer, all couples having been cali-
brated in position, and the correction for radiation determined for
each couple exposed to hot surfaces.
II. DESCRIPTION OF PLANTS
4. General Description of Plants.-Two testing plants were used
in securing the data and results presented in this bulletin, and are
known as the Piped Furnace Plant, or Main Plant, and the Auxiliary
Plant. The former plant was used for securing data on furnace per-
formance, capacity, and efficiency under a great variety of operating
conditions, while the latter plant was used for studying the character-
istics of stacks, leaders, boots, and registers, arranged in any desired
combination and operating under any desired condition. In the main
plant fuel is burned in actual commercial furnaces, but the auxiliary
plant is electrically heated so that the heat input may be quickly ad-
justed to give any predetermined air temperature at the register.
5. Piped Furnace Plant.-A general view of this plant is shown
in Fig. 1, and detailed elevation and plan views are shown in Figs. 2
and 3 respectively. Attention is directed to the fact that this plant
* See page 13.
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FIG. 1. THE MAIN FURNACE TEST PLANT
is of the inside air supply or recirculating type in general use through-
out the country, and that a single cold-air return connection is taken
from the level of the first floor, dropping down to a very wide and
very low cold-air shoe connected to the back of the casing. All tests, ex-
cept 1 to 17, on fuel burning furnaces reported in this bulletin were
made with this plant arranged exactly as shown in Figs. 1 to 3. The
three types of furnaces tested to date are shown in Fig. 7. All other
features of the plant, including leaders, stacks, and registers, are the
same as shown and described in Bulletin 112 of the Engineering Ex-
periment Station, and the original three-story steel structure erected
in the Mechanical Engineering Laboratory is still in place. This
structure merely serves as the working skeleton of a house and carries
the stacks and registers for the various floors. All important dimen-
sions are given in the sectional elevation and plan (Figs. 2 and 3).
There are ten leaders covered with asbestos paper (one layer) and
all stacks have been cased in to simulate furred wall conditions. Two
of the four stacks to the second floor and one of the two stacks to the
third floor are single-wall, but all other stacks are double-wall with
5/16-inch air space.
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FIG. 2. SECTIONAL ELEVATION OF PIPED FURNACE TEST PLANT
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Leaders Stacks Registers
Noa Size Area Dimensions Type Dimensions Free Area
SIZi. 113 n. /3 . / /in//inx/_ in, 0.684sq. ft
3 12In. 113 sq.in.
/Stf /oor 7 /2/n. 13 sq. in. - " "
9 2n /n. 113 sq/n. ' " "
2 9in. 64sqin. 3/inx/4in. 5_'le. 8jin.x/in. 0.4568sq.ft
- 4 8 in. 50 sq.in. 3in.xl /n. D'b/le.
2nd Floor 8 8in. £0 sq in. 3 in. xl/2n. S/e.
/0 9 in. 64 sq. in. 3/n X /4 in. D'ble
5 i5 9in. 64 qin. 3in.x/2in. 53/le
3rdf/oor 6 9in. 64sq in. 3/n. x/2 in. D'ble " , _
ZeaderArea; /stf/l 452sq.in., 2nd22sq.in., 3rd /z8 sq in. Total 608 sq. /in.
Percent Leader Area: /st. F/ 55.9, 2nd 282, 3rd /5.8.
FIG. 3. PLAN AND DIMENSION TABLE FOR PIPED FURNACE TEST PLANT
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6. Auxiliary Plant.-The principal features and details of the
electrically heated furnace plant used in the tests are shown in Figs.
4 and 5. This furnace, insulated with both an air space and 85 per
FIG. 5. ELECTRICALLY HEATED AUXILIARY TEST PLANT
cent magnesia, and having only one outlet, was designed especially
for tests of leaders, stacks, boots, registers, and special fittings. In
these tests, both the weight of air flowing and the rise in temperature
were determined under the conditions of gravity flow. The quantity
of air was measured by a specially calibrated anemometer and the
various temperatures by means of thermocouples, using a copper-con-
stantan junction as in the main plant.
The anemometer is mounted permanently in the center of the
inlet pipe. It is read through a celluloid plate in the pipe and has
an external release for the clutch. In order to calibrate the anemom-
eter, the inlet pipe may be detached from the furnace and connected
to the standard air-weighing calibration plant. The calibration curve
for the anemometer is shown in Fig. 4. It was found advisable to
surround the inlet pipe with a screen in order to prevent draughts
from affecting the anemometer. This screen is shown in Fig. 5.
The thermocouple system for the test plant has two distinctive
features: a single cold junction for the entire group of thermocouples
and multiple junctions for determining the mean temperature rather
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than the temperature at a single point in the air stream. The wiring
diagram for the thermocouple system is shown in Fig. 4, as well as
a detail sketch showing the location of each of the four junctions of a
FIG. 6. GROUP OF STACKS USED IN AUXILIARY TEST PLANT
multiple couple in the leader pipe. A calibration curve for a thermo-
couple is also shown. Electrical heaters operating on direct current
with voltage control and regulation are used in the determination of
the heat input to the furnace.
The description of the stacks tested is given in Table 1, and some
of the stacks tested are shown in Fig. 6. Two general groups are
shown: one in which the connected leader pipe was 10 inches in diam-
eter and another in which an 8-inch pipe was used. Both single-
wall and double-wall stacks were included in each group.
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TABLE 1
DESCRIPTION OF STACKS TESTED
Curve Single or Dimension Area Perimeter
Reference Double of Stack of Stack of Stack
No. Stack in. sq. in. in.
With 10-in. by 8-ft. Leader and 10-in. Inlet Pipe
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17-25*
S
S
D
D
D
D
D
D
S
S
SS
D
D
S
S
10 dia. with elbow
10 dia.
5 x 12
3 x 13
21x 10
3 x 10
5ix 13
10 dia. with elbow
3ix 13
3 x 12
3 x 10
Leader only
10 dia.
41x 13
3 x 13
5 x 12
78.54
78.54
60.0
39.0
23.75
30.0
71.5
78.54
45.5
36.0
30.0
78.54
57.0
39.0
60.0
31.41
31.41
34.0
32.0
24.75
26.0
37.0
31.41
33.0
30.0
26.0
31.41
34.75
32.0
34.0
With 8-in. by 8-ft. Leader and 8-in. Inlet Pipe
26 S 8 dia. 50.26 25.13
27 D 21x 10 23.75 24.75
28 S 3 x 12 36.0 30.0
29 D 3 x 10 30.0 26.0
30 S 3 x 10 30.0 26.0
31 S 3 x 13 39.0 32.0
32 D 3 x 13 39.0 32.0
*Tests on 8-in. leader and 10-in. inlet, omitted.
7. Method of Testing-Main Plant.-The object of practically
all of the tests made on the main plant was to study the effect
of certain changes in design in the plant upon plant or furnace
performance. In order to eliminate any influence of variations in
the character of the coal used, all tests with the exception of tests 98-
101 were run on anthracite coal (Table 4, page 45) taken from a 30-
ton allotment purchased at the beginning of this investigation.
The testing procedure for all hard-coal tests was as follows:
A fire was started on clean grates using a charge of wood equal
to 10 per cent of the coal charge required. A fuel charge consisted
of sufficient coal to fill the firepot to the level of the bottom of the
feed neck. The weight of this charge varied for the different furnaces,
but averaged approximately 200 lb. The wood was allowed to burn
for 10 minutes and, for the tests at high combustion rates, about one-
fourth of the fuel charge was then fired. Readings of temperatures
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were then taken. The time of firing the first coal was the official time
for the start of the test. This time was marked on the charts of the
draft and CO, recorders which had been previously put into operation.
The balance of the coal charge was subsequently fired in three or four
lots such that the total charge was in the furnace at the end of the
first hour of the test. In the case of the tests at very low combustion
rates, the coal was fired in smaller lots and the charging time was ex-
tended to an hour and a half. The fire received no further atten-
tion until the close of the test. The dampers were controlled so that
the temperature of the air at the bonnet had attained the value pre-
determined for the test within an hour or an hour and a half after
the start of the test. The automatic damper regulator was then put
into operation and the desired bonnet temperature was maintained up
to the close of the test. During the period of rising temperature the
anemometer in the recirculating duct was allowed to run constantly
and all temperature readings in the air system were taken every half
hour. Compensation was then made for this period of rising tempera-
ture when the observations were averaged. After conditions had be-
come constant all readings were taken once an hour on the tests at
low combustion rates, and once every half hour on the tests at high
rates. The anemometer was allowed to run for 15 minutes between
readings.
The tests were closed when a decided break occurred on the CO,
chart, indicating that the fire had burned to a point where an increase
in the excess air appearing in the flue gas began to be in evidence.
This usually occurred when there was from 20 to 30 per cent of the
original fuel charge remaining on the grates. The fire was then
quenched by means of water from a hose and the residual fuel and
ash was removed and dried. The residual material was weighed when
thoroughly dry. Since the drafts used were very low, all of the ash
in the original coal charge was contained in the residual. This weight
of ash was calculated from the weight of the original coal charge and
the coal analysis and subtracted from the total weight of residual.
The remainder, which was the weight of carbon, was then reduced to
terms of equivalent coal, as outlined in a previous bulletin,* and sub-
tracted from the weight of coal fired in order to obtain the weight of
coal burned.
In the case of bituminous coal (Table 4) it was not feasible to
fire the entire charge within the first hour of the test. Small charges
of fuel were fired at approximately regular intervals, depending on
the rate of combustion, and the fire was leveled between firings, when
* "Investigation of Warm-Air Furnaces and Heating Systems," Univ. of Ill. Eng. Exp.
Sta., Bul. 120, p. 48, 1921.
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the CO, chart indicated that holes had developed in the fuel oed
causing an increase in the amount of excess air. Very little auxiliary
air was admitted through the damper in the firedoor, and the surface
of the fuel bed was never allowed to burn appreciably lower than the
tops of the slots in the firepot. The dampers were automatically con-
trolled. The furnace was fired over a preliminary period of several
hours before beginning a test and the same conditions were maintained
as those required for the test. At the beginning of the test the con-
dition of the fuel bed was noted and the ashpit cleaned, and the test
was closed with the fuel bed in as nearly the same condition as pos-
sible. A test period of approximately 36 hours was required in order
to reduce the error in estimating the condition of the fuel bed to
within a negligible percentage of the total fuel burned. At the close
of the test the ash and refuse in the ashpit was removed, weighed, and
analyzed (Table 4). From the weight and chemical analysis the coal
equivalent was calculated for the ash and refuse; this was then sub-
tracted from the weight of coal fired to obtain the weight of coal
burned.
8. Method of Testing-Auxiliary Plant.-In Section 6 and Figs.
4 and 5 the general features of the auxiliary testing plant are described
and illustrated. For a test of any particular combination of stack
and leader the testing procedure consisted of the nearly simultaneous
observation of the temperatures at the furnace bonnet, boot entrance,
boot exit, register throat, inlet pipe, and surrounding atmosphere, and
the reading of the anemometer, the voltmeter, and the ammeter. The
actual time required for all the readings was five minutes. For com-
plete data on the performance of the stack several such tests, cover-
ing a range of register air temperatures, were required. Between suc-
cessive tests, when the heat input was varied for the purpose of ob-
taining a new register air temperature, a period of two hours was
necessary for the establishment of thermal equilibrium.
III. SUMMARY AND DISCUSSION OF TESTS AND RESULTS
The results of tests on the main or piped furnace plant have
been tabulated, and both the observed data and the calculated re-
sults are presented in detail in Table 2. The results of the tests on
the auxiliary plant can be most effectively shown as curves and both
observed data and calculated results are presented in this manner in
Figs. 8 to 17. A discussion of the results of all tests will be found
in Chapters IV to XXI inclusive.
9. Results of Tests with Piped Furnace Plant.-These tests are
presented in numerical order in Table 2. A classification, of the tests
in accordance with the various conditions of operation which were
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under investigation is given in Table 3 and the three types of furnaces
tested are shown in Fig. 7. In using this table of "Classification of
Tests" it will be found that the individual test numbers appear under
'2
'2
Ea
0O
'2
CO
a
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more than one class. It is possible, therefore, to determine all the
conditions existing during any test by noting the different classes in
which the test number appears.
10. Results of Tests with Auxiliary Plant.-These tests are pre-
sented under five principal headings, and in each case two sets of
curves are shown, first, for the stacks connected to a 10-inch diameter
leader, and second, for the stacks connected to an 8-inch diameter
leader, as follows:
(a) Heating effect at the register in B. t. u. per hr.
(b) Weight of air flowing per hr.
(c) Heat input to furnace in B. t. u. per hr.
(d) Temperature drop-bonnet to register.
(e) Temperature drop-boot to register.
In all cases air temperatures at the register are plotted as ab-
scissas, and the observed air temperatures at the register have been
reduced to a common comparative basis by correcting all observed
temperatures to a common air inlet temperature of 65 deg. F.
11. Method of Presenting Test Results.-Since the discussion of
individual tests would be of little significance in showing how the ob-
jects of the investigation have been accomplished, the tests are grouped
and presented in the following eighteen chapters, IV to XXI inclusive.
The main plant test numbers are also given under each chapter head-
ing so that reference may be made to the individual tests in Table 2.
The auxiliary plant tests have not been tabulated, but all essential
test data for any given register air temperature may be read from the
curves of Figs. 8 to 17.
Throughout this bulletin the quantities referred to as "capacity,"
"furnace efficiency," "equivalent register air temperature," "com-
bustion rate," "heat available at the register above 70 deg. F.," and
"heating effect," are based on the following formulas:
Capacity, B. t. u. per hr. put into air = W X 0.24 X (Tb - Ti)
Combustion rate, lb. coal burned per sq. ft. grate per hr. = C/A
capacity X 100Furnace Efficiency, per cent = capacity X 100
heat developed on grate per hr.
W X 0.24 X (Tb -Ti) X 100
CXH
Equivalent register air temperature = (Tr- Ti -- 65) = Te
(Based on air temperature of 65 deg. F. at recirculating duct)
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Heat available at register above 70 deg. F., B. t. u. per hr. =
W X 0.24 X (Te-70)
(Based on mean temperature of 70 deg. F. in room)
Heating effect at register, B. t. u. per hr. =
W X 0.24 X (Tr -Ti)
in which
W = weight of air flowing in system per hr., lb.
0.24 = average specific heat of air.
C = weight of coal completely burned per hr., lb.
H = calorific value of coal, B. t. u. per lb.
A = area of grate surface, sq. ft.
T- = temperature of air at inlet to recirculating duct,
deg. F.
Tb = temperature of air at furnace bonnet, deg. F.
Tr = temperature of air at register, deg. F.
Te = equivalent register air temperature, based on 65
deg. F. at recirculating register.
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TABLE 2
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Item
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
Temperature rise of air, inlet to bonnet, deg. F...............................
Temperature of flue gas at smoke collar, deg. F..............................
Temperature of cast front surface, deg. F....................................
Temperature of galv. bonnet surface, deg. F.................................
Temperature of galv. casing surface, deg. F..................................
Temperature of galv. recir. shoe surface, deg. F..............................
Temperature of concrete floor, inside base ring, deg. F........................
Temperature of ashpit surface, deg. F ......................................
Temperature of firepot surface, deg. F......................................
Temperature of combustion chamber surface, deg. F..........................
Temperature of radiator surface, deg. F.....................................
Density of air at inlet register, lb. per cu. ft.................................
Density of air at bonnet, lb. per cu. ft......................................
Density of air at register faces, lb. per cu. ft ................................
Velocity through free area of inlet register, ft. per min........................
Velocity of flow in recirculating duct, ft. per min.............. ............
Velocity through minimum free area of furnace, ft. per min....................
Volume of air at register faces, cu. ft. per hr.................................
W eight of air circulated per hr., lb..........................................
W eight of air circulated per lb. coal burned, lb...............................
Weight of air circulated per 10,000 B. t. u. developed on grate, lb.........
W eight of coal fired, total, lb................................... ............ ..... .....
Weight of dry ash and refuse at end of test, lb...............................
W eight of coal equivalent of refuse, lb......................................
W eight of coal burned during test, net, lb...................................
Weight of coal burned per hr., net, lb.......................................
Combustion rate, lb. coal burned per sq ft. grate per hr......................
Heat developed by net coal burned per hr., B. t. u...........................
Capacity, heat put into air between inlet and bonnet, B. t. u. per hr............
Heat available at register faces, above 70 deg. F., B. t. u. per hr.........:.....
Efficiency of furnace, per cent.......................................
Carbon dioxide in flue gas, per cent by volume ..............................
Oxygen in flue gas, per cent by volume .....................................
Weight dry flue gas per lb. coal burned, lb...... .......................
Heat lost in flue gas, B. t. u. per lb. coal burned.............................
Heat lost by radiation and unaccounted for, B. t. u. per lb. coal burned .......
Heat lost in flue gas, per cent .............................................
Heat lost by radiation and unaccounted for, per cent.........................
*Tests 1 to 10 inclusive were preliminary tests on the furnace plant; complete data not obtained.
Item and Units
Test number ........................... ........................ ............ 1-10*
D a te . ... .. . . ... .. . . . . . .. .. . .. . . .. .. . .. . . . .. .. ... . . . .. . . .. . . .. .. . .. . . . . ... ... .. .. . .
Duration of test, hr.................................................................
B arom eter, in. of m ercury ............................................................
K ind of coal ........................................................................
Calorific value of coal as fired, by oxygen calorimeter, B. t. u. per lb.....................
Calorific value of dry ash and refuse, B. t. u. per lb ....................................
Draft at smoke collar, in. of water ..................................................
Draft, differential, ashpit to smoke collar, in. of water......................... ........
Temperature of air entering ashpit, deg. F.............................. . . . . . .... . .
Temperature of air at inlet register, deg. F ................................. ...........
Temperature of air surrounding leaders, deg. F.........................................
Temperature of air at register faces, aver., deg. F.......................................
Temperature rise of air, inlet to register, deg. F........................................
Equivalent temperature of air at register faces above 65 deg. F. at inlet, deg. F .............
Temperature of air at boots, aver., deg. F..............................................
Temperature drop of air bonnet to boots, deg. F........................................
Temperature of air at bonnet, deg. F.................................................
49
50
51
52
53
54
55
56
. . .. . . . . . .
.. . . . .. . . .
.. ... . . . . .
. . . . .. . . . .
. . ... . . .. .
. . . .. . . .. .
. . . .. .. . . .
. . . . . . . . . .
. . . .. .. . . .
. . . .. .. . ..
. . . .. . . . . .
. . . . . . . . . .
. . . .. . . . . .
. . . .. . . . . .
. . . . . . . . . .
. . . . . . . . . .
. . . . . . . . . .
. .. .. . . . . .
. .. .. . . . . .
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results*
11 12 13 14
4-23-19 4-30-19 5-1-19 5-3-19
12.0 12.0 9.5 12.0
29.28 29.43 1 28.98 29.18
Anthr. Anthr. Anthr. Anthr.
12 790 12 790 12 790 12 790
10 023 10 260 10 200 10 216
0.054 0.054 0,079 0.053
85.0 81.0 76.5 84.5
84.5 80.0 76.5 84.5
169.5 182.5 197.5 188.5
85.0 102.5 121.0 104.0
150.0 167.5 186:0 169.0
175.5 189.0 205.5 195.0
6.0 6.0 5.0 5.0
181.5 195.0 210 5 200.0
97.0 115.0 134.0 115.5
458 554 676 572
0.0712 0.0723 0.0716 0.0710
0.0605 0.0596 0.0572 0.0586
0.0616 0.0608 0.0584 0.0596
....... . ...
152 161 171 152"
166 182 200 173
58 600 64 200 70 200 60 700
3610 3900 4100 3620
296.5 277.0 231.0 257.0
232.0 217.0 181.0 206.0
256.0 255.0 255.0 255.0
141.5 107.3 108.5 112.5
110.0 86.2 86.6 90.0
146.0 168.8 168.4 165.0
12.17 14.07 17.73 13.75
4.23 4.89 6.16 4.77
155 500 42179 800 226 500 175 900
84 200 107 500 13200 0 100 500
69400 91400 115000 86400
54.2 59.7 58.2 57.2
16.5 17.0 17.0 17.2
3.5 3.0 3.0 2.4
12.37 12.03 11.52 11.88
1680 1855 2190 1900
4163 3306 3285 3575
13.1 14.5 17.1 14.9
32.7 25.8 25.7 27.9
15
5-9-19
12.0
29.37
Anthr.
12 790
10 180
0.058
73.5
73.5
175.5
102.0
167.0
183.0
5.0
188.0
114.5
575
0.0730
0.0601
0.0613
158
178
62 800
3850
282.0
220.5
255.0
114.5
91.1
163.9
13.65
4.74
174 700
106 000
89 600
60.7
16.7
3.3
12.22
1985
3047
15.5
23.8
16 18 19
6-5-19 10-10-21 10-12-21
12.0 8.0 5.5
29.29 29.26 29.62
Anthr. Anthr. Anthr.
12 790 12 790 12 790
10 332 8 080 7 110
0.045 0.095 0.161
81.5 84.5 83 0
81.0 88.0 83.0
165.0 200.5 213.0
84.0 112.5 130.0
149.0 177.5 195.0
171.0 208.0 221.5
5.5 16.0 18.0
176.5 224.0 239.5
95.5 136.0 156.5
532 810.0 950
......... 418 514
259 325
345 408
127 150
.408 350
1179 1276
981 1102
.......... 720 832
0.0717 0.0708 0.0723
0.0610 0.0566 0.0561
0.0620 0.0586 0.0584
... 256 269
148 200 210
162 233 254
57 000 80 900 87 300
3535 4740 5090
280.0 170.0 131.0
219.0 133.0 102.0
255.0 275.0 250.0
128.0 82.5 65.25
103.4 52.1 36.3
151.6 222.9 213.7
12.62 27.85 38.9
4.38 9.65 13.49
161 400 356 000 497 000
81 200 154 700 191 200
67 900 122 400 152 600
50.3 43.5 38.5
16.0 14.6 14.9
4.0 4.9 4.6
12.72 13.52 13.35
1924 2777 3185
4436 4450 4680
15.0 21.7 24.9
34.7 34.8 36.6
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
*Tests 11, 12, 13, 14 and 15 are identical with tests in Table 5 of Bulletin 112, Eng. Exp. Sta., tests
with rectangular type recirculating duct. Note that these are not comparable with later tests
on account of different method of obtaining bonnet air temperature.
Test 14, furnace lagged all over with 1%-in. hair felt and third-floor leaders dampered.
Test 15, furnace lagged above middle casing ring.
Test 17, omitted on account of incomplete combustion data.
Test 18, first test with improved type recirculating duct; 52-in. unlined casing.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results*
Item
No.
1 20
2 10-14-21
3 9.0
4 29.73
5 Anthr.
6 12 790
7 9 920
8 0.063
9 .........
10 84.0
11 85.0
12 ..........
13 176.0
14 91.0
15 156.0
16 180.5
17 14.0
18 194.5
19 109.5
20 645
21 386
22 226
23 282
24 120
25 370
26 ..........
27 1031
28 818
29 577
30 0.0723
31 0.0601
32 0.0618
33 238
34 186
35 210
36 72 800
37 4500
38 239.0
39 187.0
40 250.0
41 104.5
42 81.0
43 169.0
44 18,8
45 6 52
46 240 000
47 118 400
48 93 000
49 49.3
50 16.8
51 2.7
52 11.52
53 2015
54 4465
55 15.8
56 34.9
*Tests 27-31, with various arrangements of small fan in recirculating duct.
21 22 23 24 25 26 27
10-17-21 10-19-21 11-4-21 I 11-23-21 12-14-21 12-21-21 12-29-21
14.0 15.0 5.0 6.5 6.0 5.0 4.5
29.39 29.15 29:35 29.51 29.32 29.80 29.80
Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr.
12 790 12 790 12 790 12 790 12 790 12 790 12 790
9 560 11 140 9140 8450 9150 9040 9310
0.032 0.025 0.196 0.131 0.163 0.158 0.198
91.0 84 0 87.0 86.5 74.0 760 74.0
94.0 86.0 89.0 89.5 77.5 81.5 78.5
.................... 96.0 95.0 83.0 94.0 85.0
169.0 142.5 214.5 201.0 192.0 205.0 203.0
75.0 56.5 125.5 111.5 114.5 123.5 124.5
140.0 121.5 190.5 176.5 179.5 188.5 189.5
173.0 146.0 223.0 208.0 200.0 212.5 210.0
12.0 10.0 17.5 16.0 16.5 17.0 17.0
185.0 156.0 240.5 224.0 216.5 229.5 227.0
91.0 70.0 151.5 134.5 129.0 148.0 148.5
516 402 930 800 760 893 916
323 240 452 368 511 448 459
204 163 306 258 272 289 283
244 177 352 236 367 375 347
123 107 158 143 137 142 129
300 240 350 340 360 357 258
916 786 1230 1168 1201 .......... 1261
708 537 1012 947 973 .......... 1013
467 362 778 687 727 .......... 804
0.0703 0.0707 0.0708 0.0711 0.0723 0.0730 0.0734
0.0604 0.0626 0.0555 0.0572 0.0574 0.0572 0.0574
0.0619 0,0641 0.0577 0.0591 0.0596 0.0594 0.0596
226 202 265 258 265 261 274
177 158 207 202 207 204 214
192 167 247 235 244 244 256
67 200 58 500 85 000 81 200 84 200 84 200 88 300
4160 3750 4900 4800 5020 5000 5260
328.0 441.0 131.5 158.0 162.0 133.0 129.5
257.0 345.0 103.0 123.5 127.0 104.0 101.5
250.0 250.0 250.0 250.0 250.0 250.0 250.0
97.0 141.0 89.5 79.5 89.8 88.0 92.5
72.4 122.5 63.8 52.4 64.2 62.2 67.2
177.6 127.5 186.2 197.6 185.8 187.8 182.8
12.7 8.5 37.2 30.4 30.95 37.6 40.6
4.4 2.95 12.93 10.55 10.75 13.04 14.06
162 200 108 600 476 000 388 500 396 000 480 000 519 500
91 800 63 000 178 300 155 000 167 500 177 600 187 500
69 800 46 350 141 600 122 700 132 000 142 300 150 700
56.6 58.0 37.4 39.9 42.3 37.0 36.1
15.9 13.6 14.1 15.5 15.5 15.1 14.5
3.6 5.9 5.4 4.0 4.0 4.4 5.0
12.24 13.31 13.79 12.72 12.61 12.95 13.4
1672 1581 3252 2598 2517 2994 3185
3878 3789 4758 5092 4835 5061 4985
13.1 12.4 25.4 20.3 19.7 23.4 24.9
30.3 29.6 37.2 39.8 38.0 39.6 39.0
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results* No.
28 29 33 34 35 39 40 1 41 1
12-30-21 1-2-22
14.0 8.0
29.48 29.60
Anthr. Anthr.
12 790 12 790
10 650 9 510
0.065 0.110
74.5 73.0
76.0 72.5
81.0 80.0
141.5 171.5
65.5 99.0
130.5 164.0
145.0 178.0
1-18-22 1-20-22 1-21-22 2-20-22
14.0 7.5 4.5 9.0
29.22 29.65 29.52 29.78
Anthr. Anthr. Anthr. Anthr.
12 790 12 790 12 790 12 790
10 650 10 100 10 030 10 650
0.046 0.111 0.179 0.063
73.0 70 0 74.0 80.0
76.5 72.0 75.0 83.5
81.0 80.0 86.0 90.0
137.0 165.5 192.5 168.5
60.5 93.5 117.5 85.0
125.5 158.5 182.5 150.0
140.0 171.0 200.0 174.5
2-22-22 2-24-22 2
6.0 5.0 3
29.32 29.85 4
Anthr. Anthr. 5
12 790 12 790 6
10 280 8 400 7
0.102 0.201 8
89.0 76.0 10
92.0 77.0 11
99.0 87.0 12
198.0 211.5 13
106.0 134.5 14
171.0 199.5 15
206.5 219.5 16
9.0 14.5 8.0 11.5 13.5 13.0 16.0 19.5 17
154.0 192.5 148.0 182.5 213.5 187.5 222.5 239.0 18
78.0 120.0 71.5 110.5 138.5 104.0 130.5 162.0 19
440 758 510 764 905 660 790 1015 20
259 377 263 355 406 390 450 532 21
159 231 144 211 262 199 218 286 22
201 291 182 285 329 203 238 1 281 23
96 105 98 117 139 112 134 142 24
187 258 175 283 220 294 326 402 25
. .. .. ..... .. .I .... . , . ... ... . .. ... . ..... .. . . . . . . ..... . . . . . .... i " 2 72 6
804 1071 755 1093 1242 1016 1225 1312 27
608 863 598 823 960 766 926 1069 28
391 635 389 615 761 559 701 883 29
0.0729 0.0736 0.0722 0.0738 0.0731 0.0726 0.0704 0.0737 30
0.0635 0.0600 0.0636 0.0611 0.0581 0.0609 0.0569 0.0566 31
0.0648 0.0620 0.0648 0.0628 0.0600 0.0628 0.0589 0.0589 32
233 266 278 300 316 241 257 278 33
182 208 217 235 247 188 201 217 34
196 239 231 265 291 179 198 226 35
68 700 82 900 81 200 92 500 100 900 73 000 80 500 91 200 36
4450 5140 5260 5810 6055 4585 4740 5370 37
424.0 230.0 501.0 262.0 164.0 280.5 179.0 136.0 38
332.0 180.0 392.0 205.0 128.0 219.0 140.0 106.0 39
250.0 250.0 250.0 250.0 250.0 250.0 250.0 250.0 40
124.0 96.0 124.0 107.0 107.0 124.0 113.5 79.0 41
103.1 71.3 103.2 83.8 83.8 103.0 91.2 51.9 42
146.9 178.7 116.8 166.2 166.2 147.0 158.8 198.1 43
10.48 22.33 10.48 22.15 36.9 16.33 26.47 39.62 44
3.64 7.75 3.64 7.70 12.81 5.67 9.20 13.75 45
134 200 285 500 134 100 283 000 472 000 208 800 338 500 506 500 46
83 300 148 000 90 300 154 000 201 200 114 500 148 500 208 600 47
64 600 116 000 70 000 123 500 163 500 88 000 115 000 167 000 48
62.1 51.8 67.3 54.4 42.6 54.8 43.9 41.2 49
15.3 17.2 14.8 16.8 15.6 16.5 16.3 16.3 50
4.2 2.3 4.7 2.7 3.9 3.0 3.2 3.2 51
12.28 11.38 12.71 11.5 12.32 11.42 11.72 12.1 52
1577 2327 1848 2409 2970 2127 2491 3177 53
3270 3840 2332 3421 4370 3660 4680 4343 54
12.4 18.2 14.5 18.8 23.2 16.6 19.5 24.8 55
25.5 30.0 18.2 26.8 34.2 28.6 36.6 34.0 56
*Tests 32-36, with various arrangements of large fan in recirculating duct.
Tests 30-32, complete combustion not obtained; see Table 2-A.
Test 37, test of register grille effect, complete combustion data not obtained, see Table 2-A.
Tests 36-38, complete combustion data not obtained, see Table 2-A.
Tests 39-45, unlined 54-in. casing.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Item Test Data and Results*
No.
1 42 43 44 48 49 50 51 53
2 2-27-22 3-2-22 3-6-22 3-13-22 3-14-22 3-16-22 3-17-22 3-27-22
3 15.0 6.0 5.0 15.0 9.0 6.0 5.0 6.0
4 29.60 29.60 29.05 29.46 29.38 29.73 29.64 29.35
5 Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr.
6 12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790
7 10 780 9800 9280 11 150 10 880 10 300 9320 10 280
8 0.055 0 135 0.196 0.040 0.077 0 115
9 ....... ......... ........ .... . ....... 0.059 0.131 0.07
10 73.0 75.0 84.0 81.0 77.0 79.0 79.0 82.0
11 73.0 79.5 87.0 84.5 77.5 i 80.5 80.5 84.5
12 79.0 86.0 94.0 88.0 85.0 87.0 87,0 90.0
13 137.0 193.0 215.5 144.0 163.0 188.5 208.5 200.5
14 64.0 i13.5 128.5 59.5 85.5 108.0 128.0 116.0
15 129.0 178.5 193.5 124.5 150.5 173.0 193.0 181.0
16 141.0 200.0 224.0 147.0 167.5 195.0 216.5 207.5
17 10.0 17.0 19.0 9.0 13.5 16.5 19.0 18.0
18 151.0 217.0 243.0 156.0 181.0 211.5 235.5 225.5
19 78.0 137.5 156.0 71.5 103.5 131.0 155.0 141.0
20 462 843 935 455 650 807 930 870
21 270 459 479 271 363 447 513 422
22 150 244 272 177 187 230 264 250
23 143 237 278 148 178 224 265 219
24 89 124 147 102 106 128 141 131
25 236 341 377 225 424 295 355 275
26 .. ....... . ............ .. ... .... ..... ... ... .. ..... ......... ... 630
27 835 1173 1366 905 1037 1216 1349 1228
28 617 976 1056 561 777 923 1024 931
29 416 766 857 384 584 759 840 781
30 0.0736 0.0727 0.0704 0.0717 0.0725 0.0729 0.0726 0.0714
31 0.0642 0.0579 0.0548 0.0634 0.0607 0.0587 0.0564 0.0567
32 0.0656 0.0600 0.0570 0.0647 0.0625 0.0608 0.0588 0.0589
33 209 260 266 202 245 253 275 256
34 163 203 208 158 191 198 215 200
35 149 203 213 122 156 167 188 283
36 61 300 82 500 86 000 58 700 74 400 79 500 89 000 81 200
37 4020 .4950 4900 3800 4650 4830 5230 4780
38 424.0 173.0 134.0 451.0 303.0 183.0 143.0 180.0
39 331.0 135.0 105.0 353.0 237.0 143.0 112.0 141.0
40 250.0 250.0 250.0 250.0 250.0 250.0 . 250.0 250.0
41 128.0 102.0 92.0 142.0 131.5 114.0 92.5 113.5
42 107.7 78.1 66.7 123.6 111.7 91.8 67.3 91.2
43 142.3 171.9 183.3 126.4 138.3 158.2 182.7 158.8
44 9.50 28.65 36.66 8.44 15.37 26.35 36.55 26.50
45 3.29 9.95 12.72 2.9S 5.34 9.15 12.69 9.20
46 121 300 366 500 469 000 107 700 196 500 337 500 467 000 338 500
47 75 200 163 500 183 500 65 200 115 500 152 000 194 500 161 800
48 57 000 129 000 145 300 49 700 89 800 119 500 154 500 127 400
49 62.0 44.6 39.2 60.6 58.8 45.0 41.6 47.8
50 14.1 16.1 14.3 14.2 16.6 15.5 15.9 15.3
51 5.4 3.4 5.2 5.3 2.9 4.0 3.6 4.2
52 13.16 12.03 13.58 12.75 11.24 12.3 12.28 12.46
53 1750 2708 3241 1727 2116 2674 2982 2892
54 3110 4372 4534 3313 3154 4356 4488 3783
55 13.7 21.2 25.3 13.5 16.6 20.9 23.3 22.6
56 24.3 34.2 35.4 25.9 24.6 34.1 35.1 29.6
*Tests 46-51, unlined 56-in. casing.
Test 46, not listed account of dampers accidentally closed.
Tests 45 and 47, complete combustion data not obtained; see Table 2-A.
Tests 52-56, unlined 50-in. casing.
Tests 52 and 60, incomplete combustion data; see Table 2-A.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Item
Test Data and Results* No.
54 55 56 57 58 59 61 62 1
3-29-22 3-30-22 3-31-22 4-11-22 4-12-22 4-13-22 5-2-22 5-4-22 2
14.0 8.0 5.0 5.0 9.0 15.0 15.0 9.0 3
29.52 29.15 29.10 28.70 29.20 29.15 29.50 29.20 4
Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. 5
12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790 6
10 170 11 100 9 170 9 610 10 700 10 700 10 950 11020 7
0.059 0.075 0.190 0.153 0.072 0.056 0.070 0.063 8
0.01 0.033 0.150 0.145 1 0.025 0.01 ........ . ............ 9
73.0 77.0 73.0 76.0 79.0 81.0 86.0 90.0 10
75.0 76.5 72.5 79.5 82.0 83.0 87.0 91.0 11
80.0 84.0 91.0 88.0 85.0 87.0 92.0 100.0 12
151.5 164.5 212.0 218.0 173.0 150.0 152.5 179.5 13
76.5 88.0 139.5 138.5 91.0 67.0 65.5 88.5 14
141.5 153.0 204.5 203.5 156.0 132.0 130.5 153.5 15
155.5 170.0 221.0 227.5 178.0 153.0 156.0 184.5 16
12.0 14.0 20.5 20.0 14.0 10.5 10.0 14.0 17
167.5 184.0 241.5 247.5 192.0 163.5 166.0 198.5 18
92.5 107.5 169.0 168.0 110.0 80.5 79.0 107.5 19
545 633 1050 996 637 473 450 557 20
307 339 481 536 405 305 257 317 21
178 196 284 297 228 179 172 203 22
154 171 250 160 131 117 144 174 23
97 106 143 147 113 105 110 122 24
220 246 326 291 252 197 169 204 25
534 622 
J  
674 711 647 536 445 559 26
944 1065 1321 1301 1008 821 785 951 27
694 749 1075 1038 762 593 578 722 28
489 574 922 883 602 419 363 513 29
0.0731 0.0719 0.0724 0.0705 0.0714 0.0712 0.0714 0.0702 30
0.0623 0.0600 0.0550 0.0538 0.0593 0.0620 0.0624 0.0587 31
0.0640 0.0618 0.0574 0.0561 0.0611 0.0633 0.0638 0.0605 32
223 238 271 274 242 218 1 212 i 242 33
174 186 212 214 189 170 165 189 34
229 250 314 191 155 133 129 154 35
66 400 72 400 89 600 90 300 74 000 64 200 62 100 73 600 36
4250 4475 5140 5065 4520 4060 3960 4450 37
367.0 246.0 139.0 143.5 279.0 418,0 439.0 302.0 38
287.0 217.0 108.0 112.0 218.0 327.0 343.0 236.0 39
250.0 250.0 250.0 250.0 250.0 250.0 250.0 250.0 40
110.5 139.5 90.0 98.0 125.0 125.0 134.0 136.5 41
87.8 121.0 64.4 73.5 104.3 104.3 114.6 117.5 42
162.2 129.0 185.6 176.5 145.7 145.7 135.4 132.5 43
11.60 16.13 37.12 35.30 16.20 9.71 9.03 14.72 44
4.02 5.60 12.90 12.25 5.62 3.37 3.14 5.11 45
148 000 206 200 475 000 451 000 207 000 124 200 115 500 188 400 46
94 400 115 400 208 300 204 400 119 400 78 400 75 100 114 900 47
73 000 89 200 165 800 162 400 93 400 60 400 67 500 89 200 48
63.7 56.0 43.9 45.3 57.7 63.1 65.0 61.0 49
14.8 15.7 16.0 16.4 17.0 14.3 14.8 15.6 50
4.7 3.8 3.5 3.1 2.5 5.2 4.7 3.9 51
12.89 11.7 12.25 11.87 11.1 13.05 12.45 11.8 52
1930 2167 3352 3118 2024 1734 1628 1897 53
2710 3458 3818 3882 3386 2976 2842 3093 54
15.1 17.0 26.2 24.4 15.8 13.6 12.8 14.8 55
21.2 27.0 29.9 30.3 26.5 23.3 22.2 24.2 56
*Tests 57-60, with corrugated tin and asbestos-paper lining, in 56-in. casing.
Tests 61-63, lined 56 in., 1 in. air space easing.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
No. Test Data and Results*
1 63 64 65 66 68 69 70 71
2 5-5-22 5-17-22 5-18-22 5-19-22 5-24-22 5-25-22 5-26-22 5-27-22
3 6.0 14.0 6.0 9.0 9.0 14.0 5.0 5.0
4 29.15 29.13 28.90 29.10 29.47 29.35 29.37 29.53
5 Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr.
6 12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790
7 10 710 10 770 10 410 10 810 11 040 10 490 10 660 10 390
8 0.100 0.046 0.115 0.072 0.067 0.055 0.133 0.150
9 .
10 92.0 83.0 79.0 77.0 85.0 81.5 80.0 86.5
11 93.0 84.0 81.0 79.0 88.0 82.5 83.0 86.5
12 106.0 92.0 95.0 90.0 94.0 87.0 88.0 93.0
13 208.0 159.5 204.0 169.0 179.5 162.0 209.5 219.5
14 115.0 75.5 123.0 90.0 91.5 79.5 126.5 133.0
15 180.0 140.5 188.0 155.0 156.5 144.5 i 191.5 198.0
16 214.5 164.0 212.5 175.0 186.5 168.0 220.0 229.5
17 17.5 12.0 18.5 14.0 5.5 4.5 7.0 7.0
18 232.0 176.0 231.0 189.0 192.0 172.5 227.0 236.5
19 139.0 92.0 150.0 110.0 104.0 90.0 144.0 150.0
20 774 464 827 654 580 488 804 857
2 1 379 .... ................ .......... .......... ... ....... .... ..... ..... ...
22 24 3 .... ...... .......... ...... ... . .......... ......... . .. .................
23 207 152 196 161 163 149 206 211
24 136 108 122 108 114 107 122 131
25 253 136 162 157 152 155 165 165
26 664 543 602 576 582 510 661 645
27 1181 817 1085 972 931 844 1219 1155
28 861 620 877 718 710 633 896 905
29 679 421 685 526 509 424 705 727
30 0.0698 0.0710 0.0708 0.0716 0.0714 0.0717 0.0717 0.0716
31 0.0558 0.0607 0.0554 0.0594 0.0599 0.0615 0.0566 0.0562
32 1 0.0578 0.0623 0.0577 0.0613 0.0611 0.0625 0.0581 0.0576
33 264 227 279 249 242 230 269 269
34 206 177 218 194 189 180 211 210
35 175 141 190 159 153 143 182 182
36 83 400 67 650 89 700 76 100 74 100 69 200 87 500 87 500
37 4820 4215 5175 4665 4525 4320 5080 5040
38 200.0 415.0 200.0 298.0 310.0 396.0 173.0 162.0
39 157.0 324.0 157.0 233.5 242.0 310.0 135.0 126.5
40 250.0 250.0 250.0 250.0 250.0 250.0 250.0 250.0
41 126.0 128.0 117.0 129.5 137.5 119.0 124.0 116.0
42 105.4 107.6 95.2 109.4 118.6 97.5 103.1 94.1
43 144.6 142.4 154.8 140.6 131.4 152.5 146.9 155.9
44 24.10 10.17 25.80 15.62 14.60 10 89 29.38 31.18
45 8.37 3.53 8.96 5.43 5.07 3.78 10.20 10.83
46 1 308 000 130 100 330 000 199 800 186 800 139 400 376 000 399 000
47 160 800 93 100 186 200 123 000 113 000 93 400 175 500 181 500
48 127 300 71 300 146 500 95 100 94 000 77 300 148 100 154 800
49 0 52.2 71.5 56.5 61.6 60.6 67.0 46.7 45.5
50 16.1 16.0 15.7 16.6 16.6 16.4 15.7 15.9
51 !| 3.4 3.5 3.8 2.9 2.9 3.1 3.8 3.6
52 ! 11.66 11.69 12.1 11.25 11.1 11.58 11.97 11.96
53 2474 1689 2921 2267 2029 1732 2844 2968
54 3636 1971 2639 2643 3011 2478 3976 4002
55 19.4 13.1 22.8 17.7 15.9 13.6 22.2 23.2
56 28.4 15.4 20.7 20.7 23.5 19.4 31.1 31.3
*Tests 64-67, with insulated furnace.
Tests 68-73, with insulated furnace and leader pipes.
Test 67, complete combustion data not obtained; see Table 2-A.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results* No.:
72 73 74 75 76 77 78 79 1
5-29-22 5-30-22 10-27-22 10-30-22 10-31-22 11-10-22 11-13-22 11-16-22 2
8.0 7.0 11.5 6.5 8.5 7.5 7.0 13.0 ;
29.53 29.40 29.30 29.45 29.45 29.70 29.55 29.65 4
Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. 5
12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790 6
10380 10 100 9740 9590 9580 i 9170 8860 9710 7
0.080 0.090 ............................ .......... ... ....... .......... 8
..........  1 0.028 0.080 0.046 0.072 0.082 0.014 9
86.0 84.0 87.0 94.0 92.0 80.0 86.0 78.0 10
84.0 82.0 89.0 94.5 92.5 82.0 89.5 80.0 i 11
92.0 93.0 97.0 106.0 104.0 93.0 94.0 85.0 12
191.5 198.5 180.0 216.0 196.5 203.0 217.0 169.5 13
107 5 116.5 91.0 121.5 104.0 121.0 127.5 89.5 14
172.5 181.5 156.0 186.5 169.0 186.0 192.5 154.5 15
200.0 207.5 185.5 223.5 203.0 210.0 224.5 174.0 16
6.0 6.5 12.5 15.0 13.5 15.5 16.0 12.5 17
206.0 214.0 198.0 238.5 216.5 225.5 240.5 186.5 18
122.0 132.0 109.0 144.0 124.0 143.5 151.0 106.5 19
654 688 594 825 695 758 868 575 20
........ i ..  282 344 323 296 307 240 21
.........  243 318 288 330 334 248 22
180 191 174 227 203 144 153 116 23
118 124 122 146 131 119 128 102 24
156 163 191 235 230 179 193 159 25
516 495 424 496 438 406 452 372 26
1049 1100 914 1132 1022 1079 1179 905 27
787 857 755 884 820 872 928 704 28
571 637 510 657 582 629 687 456 29
0.0720 0.0720 0.0708 0.0703 0.0706 0.0726 0.0713 0.0728 30
0.0588 0.0578 0.0589 0.0557 0.0576 0.0575 0.0560 0.0608 31
0.0602 0.0592 0.0607 0.0577 0.0594 0.0594 0.0579 0.0624 32
255 260 235 260 245 260 263 229 33
199 203 183 203 192 203 206 179 34
166 173 206 240 221 240 244 200 35
79 900 83 100 71 600 82 850 76 400 83 300 84 600 69 800 36
4810 4920 4350 4780 4540 4950 4900 4360 37
247.0 210.0 288.0 176.0 218.0 200.0 179.0 325.0 38
193.0 164.5 225.0 137.0 170.0 157.0 140.0 255.0 39
250.0 250.0 250.0 250.0 250.0 250.0 250.0 250.0 40
116.0 109.0 100.5 97.5 97.3 90.0 85.0 100.0 41
94.1 86.1 76.4 73.0 72.8 64.4 58.7 75.8 42
155.9 163.9 173.6 177.0 177.2 185.6 191.3 174.2 43
19.49 23.41 15.10 27.22 20.84 24.74 27.33 13.40 44
6.77 8.13 5.24 9.45 7.24 8.59 9.50 4.65 45
249 000 299 400 193 200 348 500 267 000 316 500 350 000 171 400 46
140 750 155 900 114 000 165 200 135 100 170 500 177 500 111 500 47
118 300 131 600 89 800 133 600 107 800 137 700 144 000 88 500 48
56.7 52.1 59.3 47.4 50.6 53.9 50.7 65.0 49
16.5 15 9 17 0 16.7 17.0 16.7 16.5 17.2 50
3.0 3.6 2.5 2.8 2.5 2.8 3.0 2.3 51
11.56 12.24 11 45 11.7 11.5 11.75 11.95 11.35 52
2243 2444 1838 2519 2114 2351 2681 1796 53
3297 3680 3372 4211 4206 3539 3629 2674 54
17.5 19.1 14.4 19.7 16.5 18.4 21.0 14.1 55
25.8 28.8 26.3 32.9 32.9 27.7 28.3 20.9 56
*Tests 74-76, lined 52-in. casing.
Tests 77-80, lined 52-in. casing, and radiation shield with apron 6 in. below grate level.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Item Test Data and Results*
1 80 81 82 85 86 87 88 89
2 11-24-22 11-28-22 12-1-22 12-20-22 12-27-22 1-2-23 , 1-4-23 1-5-2:3
3 9.0 11.0 5.0 7.0 11.0 9.0 7.0 1 5.5
4 20.5 29.5 29.55 29.30 29.12 29.18 29.25 29.45
5 Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr.
6 12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790
7 10 300 10 000 8670 9850 9640 9900 10 030 9450
8 . . . . . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . . . . . . . .
9 0.044 0.033 0.148 0.070 0.025 0.038 0.081 0.123
10 70.0 77.0 83.0 71.0 69.0 79.0 79.0 78.0
11 69.0 79.0 83.5 73.0 69.0 79.0 80.0 79.0
12 79.0 86.0 94.0 78.0 74.0 83.0 84.0 84.0
13 169.5 173.0 234.0 188.5 166.0 184.5 200.5 213.5
14 100.5 94.0 150.5 115.5 97.0 105.5 120.5 131.5
15 165.5 159.0 215.5 180.5 162.0 170.5 185.5 199.5
16 174.5 179.0 243.0 196.0 171.0 190.0 208.0 221.0
17 13.5 13.0 17.5 16.5 14.5 16.5 17.0 18.0
18 188.0 192.0 260.5 212.5 185.5 206.5 225.0 239.0
19 119.0 113.0 177.0 139 5 116.5 127.5 145.0 160.0
20 645 594 1022 862 631 710 815 923
21 241 264 345 313 271 311 313 385
22 265 260 385 217 190 216 239 365
23 111 123 169 184 150 174 189 228
24 97 107 145 114 97 113 131 135
25 !I 152 177 216 215 195 204 221 252
26 386 414 478 440 434 442 .......... 477
27 953 967 1290 1089 971 1016 ........... 1202
28 789 742 1031 893 775 811 ........ 962
29 556 488 787 663 522 593 .......... 733
30 0.0739 0.0725 0.0720 0.0728 0.0730 0.0718 0.0718 0.0724
31 0.0604 0.0600 0.0544 0.0577 0.0598 0.0580 0.0566 0.0558
32 0.0621 0.0617 0.0564 0.0598 0.0616 0.0600 0.0587 0.0580
33 245 238 278 253 245 246 259 269
34 191 186 217 198 191 192 202 211
35 218 210 269 234 218 222 240 255
36 76 200 73 300 93 000 80 800 76 000 76 800 82 800 88 000
37 4730 4520 5235 4830 4680 4610 4860 5100
38 269.0 297.0 135.0 198.0 i 293.0 245.0 205.0 156.0
39 211.0 232.0 105.0 155.0 229.0 191.0 160,0 122.0
40 250.0 250.0 250.0 250.0 250.0 250.0 250.0 250.0
41 114.0 106.0 82.5 103.0 98.5 104.0 107.0 95.0
42 91.8 82.7 55.8 79.2 74.2 80.4 83.8 70.1
43 158.2 167.3 194.2 170.8 175.8 169.6 166.2 179.9
44 17.58 15.21 38.84 24.4 15.98 18.84 23.74 32.70
45 6.10 5.28 13.48 8.48 5.56 6.54 8.24 11.35
46 224 500 194 500 497 000 312 000 204 500 241 000 303 500 418 500
47 135 000 122 500 222 300 161 600 130 800 141 000 169 000 196 000
48 108 500 96 600 182 900 128 000 103 400 111 000 134 800 158 500
49 60.1 63.0 44.8 51.8 64.0 58.5 55.7 46.8
50 17.2 17.3 16.0 16.0 16.7 17.0 16.0 16.9
51 2.3 2.2 3.5 3.5 2.8 2.5 3.5 2.6
52 11.15 11.2 12.32 12.08 11.68 11.4 12.03 11.57
53 2041 1852 3231 2788 2023 2202 2625 2826
54 3069 2878 3829 3382 2587 3108 3045 3979
55 15.9 14.5 25.3 21.8 15.8 17.2 20.5 22.1
56 24.0 22.5 29.9 26.4 20.2 24.3 23.8 31.1
*Tests 81-83, same with radiation shield to grate level only.
Tests 84-89, straight bonnet with side outlets.
Tests 83-84, complete combustion data not obtained; see Table 2-A.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results* N.
e
90 91 92 93 94 95 96 97 1
1-15-23 1-19-23 1-24-23 1-26-23 2-9-23 2-13-23 2-20-23 2-22-23 2
9.0 6.0 6.5 12.0 6.0 10.0 11.0 5.5 3
29.55 29.70 29.41 29.27 29.43 29.20 29.61 29.78 4
Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. 5
12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790 6
9580 8560 9500 9760 9550 9100 9850 9580 7
8
0.046 0.110 0.096 0.020 0.103 0.037 0.023 0.118 9
68.0 73.0 70.0 75.0 72.0 76.0 82.0 75.0 10
70.0 75.5 73.5 75.5 73.5 78.0 82.5 75.0 11
80.0 91.0 85.0 85.0 82.0 83.0 91.0 84.0 12
179.0 205.5 199.0 168.0 196.0 181.0 178.0 211.0 13
109.0 130.0 125.5 92.5 122.5 103.0 95.5 136.0 14
174.0 195.0 1 190.5 157.5 187.5 168.0 160.5 201.0 15
185.0 213.5 1 208.0 174.5 204.5 188.5 184.0 218.5 16
16.0 18.0 17.5 14.0 17.0 15.0 14.5 19.5 17
20-1.0 231.5 225.5 188.5 221.5 203.5 198.5 238.0 18
131.0 156.0 152.0 113.0 148.0 125.5 116.0 163.0 19
676 919 883 634 836 662 663 937 20
272 333 319 259 272 247 280 331 21
196 245 227 184 316 272 269 358 22
171 219 208 159 198 168 191 243 23
106 129 121 105 119 111 115 132 24
209 230 225 195 208 205 195 213 25
.443 481 26
1030 1196 1132 947 ..... ... ............. 984 1213 27
839 997 952 780 .................... 772 965 28
598 747 708 528 ........... ...... .. 528 749 29
0.0739 0.0735 0.0731 0.0724 0.0732 0.0719 0.0724 0.0738 30
0.0592 0.0569 0.0568 0.0598 0.0573 0.0583 0.0596 0,0566 31
0.0612 0.0592 0.0592 0.0618 0.0595 0.0604 0.0616 0.0588 32
249 255 255 229 256 242 228 267 33
194 199 199 179 200 189 178 209 34
227 241 240 203 239 218 243 306 35
78 800 83 000 82 400 70 200 82 300 75 300 70 200 87 700 36
4820 4910 4880 4340 4900 4550 4325 5160 37
245.0 150.0 177.0 301.0 165.5 244.0 279.0 160.0 38
192.0 117.0 139.0 235 0 130.0 191.0 218.0 125.0 39
250.0 250.0 250.0 250.0 250.0 250.0 250.0 250.0 40
97.5 81.0 96.0 101.0 97.0 89.0 103.0 97.5 41
73.0 54.2 71.3 77.0 72.4 63.3 79.2 73 0 42
177.0 195.8 178.7 173.0 177.6 186.7 170.8 177.0 43
19.66 32.63 27.50 14.42 29.60 18.67 15.53 32.18 44
6.83 11.32 9.55 5.00 10.27 6.48 5.39 11.17 45
251 500 417 500 351 500 184 400 378 000 238 800 198 509 411 000 46
151 500 183 900 178 000 117 600 174 000 137 100 120 400 202 000 47
120 200 147 200 141 100 91 200 138 200 107 000 94 000 162 000 48
60.2 44.0 50.6 63.8 46.0 57.4 60.7 49.1 49
17.7 15.7 16.7 17.1 15.3 17.1 17.7 16.6 50
1.8 3.8 2.8 2.4 4.2 2.4 1.8 2.9 51
11.1 12.56 11.7 11.39 12.68 11.52 11.0 11.75 52
2070 2990 2762 1981 2797 2043 1996 2919 53
3020 4170 3558 2649 4113 3407 3034 3591 54
16.2 23.4 21.6 15.5 21.8 16.0 15.6 22.8 55
23.6 32.6 27.8 20.7 32.2 26.6 23.7 28.1 56
*Tests 90-93, straight cylindrical bonnet with top outlets.
Tests 94-95, lining with 2-in. air space, casing 52 in.
Tests 96-97, lined 50-in. casing, 1-in. air space.
38 ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Item Test Data and Results*
1 98 99 100 101 102 103 104 105
2 2-28-23 3-5-23 3-8-23 3-12-23 i 3-26-23 3-28-23 3-30-23 4-2-23
3 36.5 34.0 36.0 36.0 5.5 5.5 7.06 7.0
4 29.26 29.18 29.41 29.09 29.70 29.80 29.55 29.33
5 Bitum. Bitum. Bitum. Bitum. Anthr. Anthr. Anthr. Anthr.
6 11 687 11 687 11 687 11 687 12 790 12 790 12 790 12 790
7 799 886 1106 834 9000 8500 9320 9950
8 ... .. .... ... . ... ... . . . . .. . .. .. . . . . . .. . .. .. . .. .. .. . . .. . . .. . . .. .. ... . ... . . .. . . .
9 0.008 0.035 0.016 0.017 0.079 0.128 0.050 0.052
10 76.0 79.0 77.0 75.0 69.0 71.0 63.0 77.0
11 76.5 79.5 79.0 75.0 71.0 72.0 64.0 79.0
12 82.0 89.0 86.0 84.0 77.0 83.0 71.0 85.0
13 154.5 195.5 170.0 167.0 180.5 202.0 156.5 171.0
14 78.0 116.0 91.0 92.0 109.5 130.0 92.5 92.0
15 143.0 181.0 150.0 157.0 174.5 195.0 157.5 157.0
16 160.0 204.0 176.5 173.5 190.5 215.5 163.0 178.5
17 12.5 16.5 14.0 14.0 17.5 19.5 15.5 15.5
18 172.5 220.5 190.5 187.5 208.0 235.0 178.5 194.0
19 96.0 141.0 111.5 112.5 137.0 163.0 114.5 115.0
20 524 875 636 625 646 839 557 532
21 249 365 291 291 304 365 271 303
22 225 345 263 252 262 331 227 251
23 154 215 173 171 139 165 117 135
24 98 112 103 100 92 106 87 101
25 110 108 111 116 177 214 180 177
26 245 203 242 252 403 363 351 394
27 793 750 772 873 758 819 673 688
28 702 940 816 781 1010 1184 881 861
29 426 634 500 486 712 876 612 583
30 0.0722 0.0716 0.0724 0.0720 0.0741 0.0742 0.0747 0.0722
31 0.0613 0.0568 0.0599 0.0595 0.0589 0.0568 0.0613 0.0595
32 0.0631 0.0590 0.0619 0.0615 0.0614 0.0596 0.0635 0.0616
33 220 257 231 238 248 262 241 231
34 172 201 181 186 194 205 189 180
35 189 237 204 210 179 197 169 161
36 65 900 81 900 70 700 72 800 78 500 85 600 74 300 70 800
37 4160 4830 4380 4480 4820 5100 4720 4360
38 298.0 174.0 225.0 206.0 235.0 178.0 304.0 302.0
39 255.0 149.0 193.0 176.0 183.0 139.0 238.0 236.0
40 514.0 950.5 708.0 789.5 150.0 200.0 150.0 150.0
41 62.5 103.5 85.0 96.5 52.5 64.0 55.5 63.0
42 4.3 7.9 8.0 7.0 36.9 42.4 40.4 48.9
43 509.7 942.6 700.0 782.5 113.1 157.6 109.6 101.1
44 13.98 27.73 19.44 21.72 20. f 28.66 15.53 14.45
45 4.85 9.63 6.75 7.55 8.33 11.60 6.29 5.85
46 163 300 324 000 227 500 254 003 263 000 367 000 198 500 184 600
47 95 800 163 500 117 100 121 000 158 500 199 500 129 600 120 300
48 72 900 128 600 90 400 93 600 120 800 153 000 99 100 91 000
49 58.6 50.4 51.5 47.6 60.3 54.4 65.3 65.1
50 14.8 14.9 15.2 13.9 13.3 9.0 .......... 12.0
51 4.7 4.6 4.3 5.6 6.2 10.5 .......... 7.5
52 11.1 11.05 10.83 11.8 14.6 21.33 .......... 15.8
53 1779 2767 2063 2164 2439 4366 i .......... 2175
54 3068 3030 3604 3963 2641 1464 .......... 2285
55 15.2 23.7 17.7 18.5 19.1 34.2 ........... 17.0
56 26.2 25.9 30.8 33.9 20.6 11.4 .......... 17.9
*Tests 98-100, soft coal tests, slotted firepot, 52-in. lined casing.
Test 101, soft-coal test, slots in firepot sealed with clay.
Test 102, first test on steel furnace, 102-106 tests with 54-in. casing and 1-in. air space lining.
Trest 104, flue gas data incomplete on account of failure of apparatus.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results*
106 107 108 109 110 111 112
4-4-23 5-9-23 ! 5-10-23 5-14-23 5-17-23 6-12-23 6-14-23
9.0 5.0 7.0 6.5 4.0 7.0 5.0
29.15 29.30 29.30 29.20 29.37 29.35 29.30
Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr.
12 790 12 790 12 790 12 790 12 790 12 790 12 790
10 740 9 300 10 460 9 710 10 180 9 940 9 820
0.017 0.10 0.04 0.059 0.115 0.05 0.098
74.0 66.0 78.0 80.0 83.0 81.0 86.0
74.0 67.5 81.0 82.0 85.5 80.5 87.0
80.0 83.0 90.0 94.0 100.0 88.0 95.0
140.5 179.5 162.5 177.0 204.0 168.5 195.0
66.5 112.0 81.5 95.0 118.5 88.0 108.0
131 5 177,0 146.5 160.0 183.5 153.0 173.0
146.5 186.5 166.5 182.5 212.0 175.0 203.0
12.5 15.0 12.5 13.5 16.0 15.0 17.0
159.0 201.5 179.0 196.0 228.0 190.0 220.0
85.0 134.0 98.0 114.0 142.5 109.5 133.0
355 712 508 591 767 487 674
228 312 285 218 361 317 326
189 351 282 225 390 272 296
112 140 131 144 162 132 135
90 93 99 106 118 103 105
163 167 162 168 192 155 162
375 416 381 360 436 359 382
614 778 668 684 750 654 700
715 1034 824 917 1057 869 1021
444 742 574 654 781 608 746
0.0723 0.0736 0.0718 0.0714 0.0713 0.0720 0.0710
0.0624 0.0587 0.0608 0.0590 0.0566 0.0598 0.0570
0.0643 0.0607 0.0624 0.0607 0.0586 0.0618 0.0593
209 251 221 230 251 224 237
163 196 173 179 196 175 185
138 216 180 191 217 205 225
61 500 79 600 66 600 70 500 79 800 68 400 74 400
3960 4830 4160 4280 4680 4230 4410
413.0 220.0 317.0 266.0 193.0 293.0 215.0
323.0 172.0 248.0 208.0 151.0 229.0 168.0
150.0 150.0 150.0 150.0 150.0 150.0 150.0
76.0 55.3 71.0 60,0 66.5 63.0 61.5
63.8 40.1 58.0 45.5 52.9 48.9 47.2
86.2 109.9 92.0 104.5 97.1 101.1 102.8
9.58 21.98 13.14 16.08 24.28 14.45 20.56
3.88 8.90 5.32 6.51 9.83 5.85 8.33
122 500 281 000 168 000 205 500 310 500 184 600 263 000
80 800 155 300 97 800 117 100 160 000 111 000 140 700
58 500 124 000 76 400 92 500 127 500 84 200 109 000
65.9 55.3 58.2 57.0 51.6 60.2 53.5
10.5 11.1 9.9 11.1 12.0 8.7 11.4
9.0 8.4 9.6 8.4 7.5 10.8 8.1
17.5 17.25 18.7 17.13 15.7 22.35 16.65
1675 3121 2118 2543 3015 2621 2812
2685 2589 2932 2957 3175 2469 3138
13.1 24.4 18.9 19.9 23.6 20.5 22.0
21.0 20.3 22.9 23.1 24.8 19.3 24.5
113 1
6-19-23 2
4.5 3
29.40 4
Anthr. 5
12 790 6
9 680 - 7
.. . .. . . .. . 8
0.098 9
94.0 10
94.5 11
108.0 12
216.5 13
122.0 14
187.0 15
227.0 16
18.5 17
245.5 18
151.0 19
709 20
416 21
389 22
185 23
135 24
195 25
408 26
722 27
1069 28
816 29
0.0703 30
0.0552 31
0.0576 32
248 33
194 34
240 35
79 400 36
4570 37
196.0 38
153.0 39
150.0 40
59.5 41
44.9 42
105.1 43
23.34 44
9.44 45
298 500 46
165 500 47
128 200 48
55,4 49
11.0 50
8.5 51
17.3 52
3012 53
2698 54
23.5 55
21.1 56
*Tests 107-110, steel furnace, lined 52-in. casing.
Tests 111-115, steel furnace, lined 50-in. casing.
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TABLE 2 (CONTINUED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Item
No. Test Data and Results*
1 114 115 116 117 118 119 120 121
2 6-29-23 7-27-23 9-19-23 9-21-23 9-27-23 10-1-23 10-29-23 11-6-23
3 7.0 5.0 8.0 4.0 6.5 4.5 6.0 9.0
4 29.20 29.25 29.45 29.45 29.45 29.50 29.60 29.35
5 Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr. Anthr.
6 12 790 12 790 12 790 12 790 12 790 12 790 12 790 12 790
7 9400 9380 10 250 9930 10 380 9540 9550 9320
8I 8 . .. . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . ..
9 i......... 0.08 0.025 0.095 0.04 0.099 0.081 0.042
10 78.0 .84.0 84.0 82.0 88.0 82.5 78.0 74.5
11 78.0 84.0 86.0 81.5 89.0 83.5 80.5 77.0
12 86.0 94.0 91.0 89.0 95.0 88.0 90.0 84.5
13 170.0 199.0 162.5 205.5 175.0 204.0 194.0 168.5
14 h 92.0 115.0 76.5 124.0 86.0 120.5 113.5 91.5
15 157.0 180.0 141.5 189.0 151.0 185.5 178.5 156.5
16 176.0 208.5 168.0 219.5 187.0 213.0 202.0 175.5
17 15.5 18.0 14.0 19.0 15.0 18.5 16.0 14.0
18 191.5 226.5 182.0 238.5 197.0 231.5 218.0 189.5
19 113.5 142.5 96.0 157.0 108.0 148.0 137.5 112.5
20 550 678 477 776 584 789 876 802
21 372 341 308 417 341 427 378 317
22 328 333 225 324 258 327 295 240
23 161 170 130 166 145 161 208 171
24 118 117 104 120 115 121 124 109
25 168 175 172 232 186 210 205 184
26 388 355 426 414 390 431 471 429
27 647 708 638 745 672 730 1250 1059
28 891 1035 777 1113 866 1065 865 795
29 627 792 517 821 606 797 679 552
30 0.0719 0.0712 0.0714 0.0720 0.0710 0.0719 i 0.0726 0.0724
31 0.0594 0.0564 0.0606 0.0558 0.0594 0.0565 0.0578 0.0599
32 0.0614 0.0588 0.0626 0.0586 0.0614 0.0589 0.0600 0.0618
33 228 245 214 255 224 243 254 235
34 178 191 167 199 175 190 198 183
35 211 235 129 169 137 159 173 154
36 70 000 77 700 63 700 82 100 67 600 77 800 80 500 72 000
37 4290 4510 3990 4810 4150 4580 4830 4450
38 277.0 210.0 333.0 190.0 288.0 193.0 204.0 274.0
39 216.0 164.0 260.0 148.0 225.0 151.0 160.0 214.0
40 150.0 150.0 150.0 150.0 150.0 150.0 200.0 200.0
41 56.3 56.25 67.5 62.8 69.5 58.0 77.5 74.0
42 41.3 41.2 54.0 48.7 56.3 43.2 57.8 53.8
43 108.7 108.8 96.0 101.3 93.7 106.8 142.2 146.2
44 15.53 21.76 12.0 25.32 14.4 23.72 23.7 16.24
45 6.28 8.82 4.86 10.25 5.83 9.61 8.97 6.14
46 198 500 278 000 153 400 324 000 184 100 303 300 303 000 207 500
47 116800 156200 92000 181100 107500 162800 159300 120000
48 89 500 120 600 68 500 137 400 80 700 127 000 125 700 92 400
49 58.8 56.2 60.0 55.9 58.5 53.7 52.5 57.9
50 8.4 10.7 10.9 13.2 11.9 12.7 14.0 13.6
51 11.1 8.8 8.6 6.3 7.6 6.8 5.5 5.9
52 22.5 17.86 17.15 14.45 15.73 15.1 13.78 14.2
53 . 2970 2982 2081 2896 2366 3023 3117 2934
54 2300 2618 3039 2744 2934 2897 2953 2446
55 23.2 23.3 16.3 22.6 18.5 23.6 24.4 23.0
56 18.0 20.5 23.7 21.5 23.0 22.7 23.1 19.1
*Tests 116-119, steel furnace, lined 56-in. casing.
Test 120, first test on crab radiator cast furnace, and tests 120-124, on 52-in. lined casing.
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TABLE 2 (CONCLUDED)
DATA AND RESULTS OF TESTS ON PIPED FURNACE PLANT
Test Data and Results* No.
122 124 125 126 127 1
11-8-23 11-20-23 12-7-23 12-i1-23 12-14-23 2
4.5 12.0 5.0 9.0 6.0 3
29.55 29.20 29.00 29.80 29.95 4
Anthr. Anthr. Anthr. Anthr. Anthr. 5
12 790 12 790 12 790 12 790 12 790 6
9560 10 170 9920 9800 9920 7
. . . . . . . . . . ... . . . . . .. . .. . . ..8
0.132 0.025 0.097 0.031 0.063 9
76.0 79.0 75.0 81.0 76.0 10
76.0 80.0 75.0 82.0 77.0 11
91.0 87.0 88.0 90.0 85.0 12
204.5 151.5 191.5 171.5 181.5 13
128.5 71.5 116.5 89.5 104.5 14
193.5 136.5 181.5 154.5 169.5 15
213.0 156.5 200.0 178.0 188.5 16
17.5 12.0 14.5 12.0 13.0 17
230.5 168.5 214.5 190.0 201.5 18
154.5 88.5 139.5 108.0 124.5 19
1039 608 923 732 839 20
377 256 286 250 277 21
307 193 269 241 274 22
207 143 216 187 210 23
138 103 131 115 122 24
200 171 193 191 210 25
485 381 474 394 455 26
1260 921 1165 1005 1176 27
951 628 940 758 850 28
762 409 720 535 620 29
0.0730 0.0716 0.0718 0.0729 0.0745 30
0.0567 0.0616 0.0570 0.0608 0.0600 31
0.0589 0.0632 0.0590 0.0626 0.0619 32
262 211 263 232. 253 33
205 165 206 182 198 34
183 133 202 169 190 35
85 000 62 600 83 900 70 800 79 300 36
5010 3960 4950 4430 4910 37
159.0 367.0 183.0 290.0 218.0 38
124.0 287.0 143.0 226.0 170.0 39
200.0 200.0 200.0 200.0 200.0 40
77.5 88.5 83.5 81.5 83.5 41
57.8 70.4 64.6 62.3 64.6 42
142.2 129.6 135.4 137.7 135.4 43
31.6 10.8 27.08 15.3 22.57 41
11.95 4.09 10.25 5.78 8.55 45
404 000 138 000 346 000 195 700 288 500 46
185 700 84 100 165 600 114 700 146 700 47
148 500 63 200 132 500 89 800 117 100 48
46.0 60.9 47.8 58.6 50.8 49
14.7 11.8 14.1 12.5 13.5 50
4.8 7.7 5.4 7.0 6.0 51
13.16 15.95 13.57 15.28 14.15 52
3542 2502 3269 2855 3085 53
3368 2498 3401 2435 3205 51
27.7 19.6 25.6 22.4 24.1 55
26.3 19.5 26.6 19.0 25.1 50;
*Tests 125-127, crab radiator furnace, 50-in. lined casing.
Test 123, omitted on account of bad starting conditions.
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TABLE 2-A
DATA AND RESULTS OF TESTS FOR WHICH COMPLETE COMBUSTION DATA WERE NOT
OBTAINED, BUT FOR WHICH AIR WEIGHTS AND TEMPERATURES
WERE MEASURED*
Item Item and Units Results
1 Test Number.............. . ........................ 30A 30A 30A
2 Date................................................. 1-7-22 1-7-22 1-7-22
11 Temperature of air at inlet register, deg. F................. 78.5 79.5 80.5
13 Temperature of air at register faces, deg. F................ 128.5 160.0 180.0
14 Temperature rise of air, inlet to register, deg. F............. 50.0 80.5 99.5
15 Equivalent register air temperature above 65 deg. F. inlet... 115.0 145.5 164.5
18 Temperature of air at bonnet, deg. F..................... 137.5 176.0 200.5
19 Temperature rise of air, inlet to bonnet, deg. F............. 59.0 96.5 120.0
37 Weight of air circulated per hr., lb........................ 4160 4700 5050
47 Capacity, heat put into air between inlet and bonnet, B. t. u.
per hr................. ........... .. .............. 58 900 108 300 145 400
1 32A 32A 32A 32A 32B 32B 36A 36A 36A
2 1-13-22 1-13-22 1-13-22 1-13-22 1-13-22 1-13-22 1 1-30-22 1-30-22 1-30-22
11 71.0 72.0 72.5 73.5 71.0 72.5 74.0 81.0 83.5
13 138.0 161.5 185.0 203.0 157.5 198.0 135.5 167.0 187.0
14 67.0 89.5 112.5 129.5 86.5 125.5 61.5 86.0 103.5
15 132.0 154.5 177.5 194.5 151.5 190.5 126.5 151.0 168.5
18 150.5 177.0 203.5 223.5 176.5 223.5 147.5 181.0 204.5
19 79.5 105.0 131.0 150.0 105.5 151.0 73.5 100.0 121.0
37 5900 6310 6510 6720 4550 5110 5420 5180 6050
47 112 600 159 000 204 700 242 000 115 100 185 200 95 600 124 400 175 700
1 37 c 37 c 38 a 38 b 38 c 38 d 38e 38f 45 a
2 1-31-22 1-31-22 2-3-22 2-3-22 2-3-22 2-3-22 2-3-22 2-3-22 3-7-22
11 85.5 86.0 72.5 74.0 75.5 76.0 78.0 78.5 79.0
13 179.0 203.5 127.5 142.5 163.5 175.0 211.5 236.5 188.0
14 93.5 117.5 55.0 68.5 88.0 99.0 133.5 158.0 109.0
15 158.5 182.5 120.0 133.5 153.0 164.0 198.5 223.0 174.0
18 199.0 227.5 141.5 158.0 182.0 196.0 236.0 265.5 211.5
19 113.5 141.0 69.0 84.0 106.5 120.0 158.0 187.0 132.5
37 4740 5180 3405 3845 4230 4410 4810 5060 4960
47 122 900 175 500 56 400 77 600 108 100 127 000 182 400 1 227 000 157 700
1 52a 52b 52c 52d 60a 60b 60c 60d 60e
2 3-25-22 3-25-22 3-25-22 3-25-22 4-14-22 4-14-22 4-14-22 4-14-22 4-14-22
11 88.0 91.5 92.5 93.0 72.0 76.5 76.0 76.5 74.0
13 131.5 181.5 202.5 221.0 159.5 197.0 209.0 221.0 187.0
14 43.5 90.0 110.0 128.0 87.5 120.5 133.0 144.5 113.0
15 108.5 155.0 175.0 193.0 152.5 185.5 198.0 209.5 178.0
18 141.0 201.0 225.5 246.5 177.5 222.5 236.5 250.0 210.5
19 53.0 109.5 133.0 153.5 105.5 146.0 160.5 173.5 136.5
37 3100 4400 4720 4975 4620 5320 5435 5630 4900
47 39 400 115 600 150 600 183 300 117 000 186 500 209 500 234 500 160 500
*Tests 30 A, with small fan in recirculating duct, running.
Tests 32 A, with large fan and inductor, fan outside of recirculating duct, fan running.
Tests 32 B, same equipment but fan not running.
Tests 36 A, with large fan and 6-in. discharge pipe extending into duct, no inductor, fan running.
Tests 38 a-f, inclusive, tests with 52-in. lined casing.
Tests 45 a, b, c, tests with 54-in. unlined casing.
Tests 52 a, b, c, d, tests with 50-in. unlined casing.
Tests 60 a-e, inclusive, tests with corrugated tin and asbestos-paper lining in 56-in. casing.
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TABLE 2-A (CONTINUED)
DATA AND RESULTS OF TESTS FOR WHICH COMPLETE COMBUSTION DATA WERE NOT
OBTAINED, BUT FOR WHICH AIR WEIGHTS AND TEMPERATURES
WERE MEASURED*
Item
Results I No.
30A 30 B 30 B 30 B 30 B 31 a 31b 31c 1 31d 1
1-7-22 1-722-7-22 1-7-22 1-10-22 1-10-22 1 -10-22 1-10-22 2
80.0 78.5 80.0 80.0 81.0 72.0 75.0 76.5 78.5 11
201.5 124.0 156.0 175.5 200.0 134.0 151.5 178.0 211.5 13
121.5 45.5 76.0 95.5 119.0 62.0 76.5 101.5 133.0 14
186.5 110.5 141.0 160.5 184.0 127.0 141.5 166.5 198.0 15
225.5 136.0 172.5 195.5 224.0 146.0 167.0 197.5 237.5 18
145.5 57.5 92.5 115.5 143.0 74.0 92.0 121.0 159.0 19
5430 3260 4280 4490 4890 4445 4745 5145 5525 37
189 000 45 000 95 000 124 500 168 000 79 000 104 800 149 500 211 000 47
36A 36B 37A 37A 37B 37B 37B 37B 37c 1
1-30-22 1-30-22 1-31-22 1-31-22 1-31-22 1-31-22 1-31-22 1-31-22 1-31-22 2
88.0 77.0 81.0 88.0 84.0 85.5 85.5 87.5 83.5 11
212.0 158.0 135.0 208.5 136.5 158.5 177.5 204.0 137.5 13
124.0 81.0 54.0 120.5 52.5 73.0 92.0 116.5 1 54.0 14
189.0 146.0 119.0 185.5 117.5 138.0 157.0 181.5 1 119.0 15
233.0 175.5 149.0 233.0 148.5 175.0 197.5 228.0 150.5 18
145.0 98.5 68.0 145.0 64.5 89.5 112.0 140.5 67.0 19
6220 4305 3575 4910 3480 4095 4560 4860 3610 1 37
216 500 101 500 58 400 171 000 53 900 88 000 122 500 164 000 58 100 1 47
45 b 45 c 47 a 47 b 47 c 47 d 47 e 47 f 1
3-7-22 3-7-22 3-11-22 3-11-22 3-11-22 3-11-22 3-11-22 3-11-22 ......... 2
78.5 82.5 79.0 82.0 86.5 89.0 88.5 86.0 ......... 11
211.0 234.0 139.5 170.5 182.5 196.5 220.0 231.0 ......... 13
132.5 151.5 60.5 88.5 96.0 107.5 131.5 145.0 ......... 14
197.5 216.5 125.5 153.5 161.0 172.5 196.5 210.0 ......... 15
239.5 266.0 153.0 189.5 202.5 223.0 247.0 259.5 .......... 18
161.0 183.5 74.0 107.5 116.0 134.0 158.5 173.5 ......... 19
5330 5500 3880 4595 4720 4860 5180 5400 .......... 37
206000 242200 68900 118600 131 500 156500 197 000 225000 ......... .47
67a 67 b 67 e 83a 83 b 83 c 83 d 84 a 84 b 1
5-22-22 5-22-22 5-22-22 12-6-22 12-6-22 1 12-6-22 12-6-22 12-20-22 12-20-22 2
89.5 95.5 92.0 71.5 75.0 1 78.0 78.0 72.5 72.5 11
173.0 191.0 217.5 159.0 193.5 220.5 204.5 158.5 192.5 13
83.5 95.5 125.5 87.5 118.5 142.5 126.5 86.0 120.0 14
148.5 160.5 190.5 152.5 183.5 207.5 191.5 151.0 185.0 15
191.0 212.5 244.5 175.5 214.5 244.0 226.0 177.0 218.0 18
101.5 117.0 152.5 104.0 139.5 166.0 148.0 104.5 145.5 19
4280 4505 4990 4450 4960 5250 5020 4890 5000 37
104 300 126 500 182 600 111 100 166 000 209 000 178 200 122 600 174 600 47
*Tests 30 B, with small fan in recirculating duct, but not running.
'Tests 31 a-d inclusive, with small fan in recirculating duct but with external air supply, fan running.
Tests 36 B, with large fan arranged as in 36 A but fan not running.
Tests 37 A, with warm-air register faces removed.
Tests 37 B, same, but with sloping stack headers simulating register valves.
Tests 37 C, with both warm-air and cold-air registers out, but with sloping stack headers in place.
Tests 47 a-f inclusive, tests with 56-in. unlined casing.
Tests 67 a, b, c, tests with insulated furnace.
Tests 83 a, b, c, d, tests with 52-in. lined easing.
Tests 84 a, b, tests with vertical-sided bonnet with side-outlet collars.
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TABLE 3
CLASSIFICATION OF TESTS AND GENERAL DIMENSIONS
FOR PIPED FURNACE PLANT*
Furnace Type......... ..........
Test Nos., Inclusive .............. .
Cast-Iron, Circular
Type Radiator
1-101
Steel, Crescent Cast-Iron, Crab
Type Radiator Type Radiator
102-119 120-127
General Data
Grate diameter, in................ 23 21.5
Grate area, sq. ft.................. 2.88 2.47
Firepot dia., in. .................. 27 21.5
Heating surface, total sq. ft........ 70.28 78.40
Heating surface, ashpit sq. ft ....... 11.38 10.60
Heating surface, firepot sq. ft....... 8.10 10.70
Heating surface, dome sq. ft ........ 18.87 19.20
Heating surface, radiator sq. ft..... 31.93 37.90
Warm-air pipes, 1st floor .......... 4-12 in. 4-12 in.
Warm air pipes, 2d floor........... 2-9 in. 2-8 in. 2-9 in. 8-8 in.
Warm-air pipes, 3d floor ........... 2-9 in. 2-9 in.
Warm-air pipes, sq. in.-sq. ft ....... 808-5.61 808-5.61
Free area, 50-in. casing, sq. in.-sq. ft. 716-4.97 827-5.74
Free area, 52-in. casing, sq. in.-sq. ft. 860-5.97 913-6.34
Free area, 54-in. casing, sq. in.-sq. ft. 1012-7.02 1094-7. 60
Free area, 56-in. casing, sq. in.-sq. ft. 1155-8.02 1225-8.51
Special Classes and Corresponding Test Numbers
Recir. Duct (17x47% in.)
Area 803 sq. in., Test Nos..........
Recir. Duct (32-in. Dia.)
Area 804 sq. in., Test 1Nos..........
Cold-air Register 36x36 in.
Free area 4.36 sq. ft., Test Nos.....
50-in. Unlined Casing, Test Nos.. . .
52-in. Unlined Casing, Test Nos.. . .
54-in. Unlined Casing, Test Nos ...
56-in. Unlined Casing, Test Nos . . .
50-in.l fTest Nos.
52-in. Lined Casing, )Test Nos.
54-in. (1-in. air space), Test Nos.
56-in.) Test Nos..
Linings, 2-in. air space, Test Nos...
Corrug. tin. and asbestos, Test Nos.
Radiation Shield, Test Nos ........
Bonnets, Conical, Test Nos.........
Bonnets, Cylindrical, Side Outlets,
Test N os......................
Bonnets, Cylindrical, Top Outlets,
Test N os......................
1-17
18-101
18-36 38-101
52-56
18-26, 27-31, 32-36, 37
39-45
46-51
96-97
38, 74-95, 98-101
57-60, 61-63, 64-67, 68-73
94-95
57-60
77-80 81-82
1- 83, 94-101
84 81)
90-93
102-119
102-119
111-115
107-110
102-106
116-119
102-119
120-127
120-127
125-127
120-124
120-127
*In using this table of "Classification of Tests" it will be found that the individual test numbers
appear under more than one class. It is therefore possible to determine all the conditions existing
during any test by noting the different classes in which the test number appears.
22
2.64
24
61.38
10.43
7.09
20.02
23.84
4-12 in.
2-9 in. 2-8 in.
2-9 in.
808-5.61
1034-7.18
1156-8.03
........ ........
........ ...
........ ........
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TABLE 3 (CONTINUED)
CLASSIFICATION OF TESTS AND GENERAL DIMENSIONS
FOR PIPED FURNACE PLANT'
Cast-Iron, Circular Steel, Crescent Cast-Iron, CrabFurnace Type............ ....... Type Radiator Type Radiator Type Radiator
Special Classes and Corresponding Test Numbers (Continued)
Insulated Furnace, Test Nos ...... 04-67
Insulated Furnace and Leaders,
Test Nos...................... 68-73
Fans, Large, Test Nos.............
Fans, Small, Test Nos........ . ....
32-36
27-31
Base and Bonnet Calorimeter,
Test Nos... ................ .. 17
Register Grille, Test Nos .......... 37
Firepot, Slotted, Test Nos .......... 98-100
Firepot, Plain, Test Nos ........... 1-98, 101
Firepot, Brick-lined, Test Nos.. .. . ..... . . .
Anthracite Coal, Test Nos ......... 1-97
Bituminous Coal, Test Nos ......... 98-101
102 119
102-119
120-127
120-127
TABLE 4
CHEMICAL ANALYSES OF COALS AND ASH AND REFUSE*
Proximate Analysis of Coal as Fired Anthracite Bituminous
-i-
Fixed carbon, per cent. . .... .............. ............. 78.98 45.01
Volatile matter, per cent.............. ..... ............ . 6.19 36.79
M oisture, per cent ..................... ................ . . 1.44 6.40
A sh, per cent ................................... ......... 13.39 11.80
Calorific value by oxygen calorimeter, B. t. u. per lb........... .12 790 11 687
Ultimate Analysis of Coal as Fired
Carbon (C), per cent . ..................... ...........
H ydrogen (H ), per cent.......... ... ... .................
Oxygen (0), per cent ....................................
Nitrogen (N), per cent ...................................
Sulphur (S), per cent .....................................
M oisture at 105 deg. C., per cent ...........................
Ash, per cent .................... .....................
Analysis of Dry Ash and Refuse for
Tests on Bituminous Coal
Test No.
98
79.50
2.43
1.68
0.75
0.81
1.44
13.39
64.69
4.27
7.00
1.57
4.27
6.40
11.80
Test
99
Test No.
101
5.71
94.29
834
*Anthracite coal all of stove size.
Bituminous coal run of mine, lumps broken to stove size.
Fixed carbon, per cent............................ 5.47 6.0
Earthy matter, per cent........................... 94.53 93.9
Calorific value, B. t. u. per lb ...................... 799 88(
I--I--
........ ..........
........ ........
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FIG. 12. AUXILIARY PLANT GRAPHICAL DATA, HEAT INPUT TO FURNACE,
FOR VARIOUS STACKS WITH 10-INCH LEADER
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IV. PERFORMANCE OF A CAST-IRON CIRCULAR-RADIATOR FURNACE
( TESTS 18-26, 96, 97 )
12. Description of Furnace.-A description of the cast-iron cir-
cular-radiator furnace and the test plant is given in Fig. 7 and in
Chapter II, Section 5.
13. Method of Procedure.-The method of procedure for all
tests with anthracite coal is given in Chapter II, Section 7.
14. Results and Conclusions.-Complete performance data are
essential in order to make satisfactory comparison between two or more
types of furnaces, or even to make a study of the operation of a single
type under various conditions. The performance of a given furnace is
completely, determined when a statement of the combustion rate, draft,
capacity at the bonnet, efficiency, and average temperature at the reg-
ister faces has been presented. Such a presentation can best be made
by means of a set of curves in which all of the other factors mentioned
are plotted against the combustion rate. Either partial or complete
performance curves have formed the basis for all of the comparisons
and conclusions presented in this bulletin, and a complete set is shown
in Fig. 18 for the cast-iron furnace with a circular radiator. These
curves are for the furnace with a 50-inch casing, having an inner lining
of black iron spaced one inch from the casing, which proved to be the
best of the four sizes of casings investigated with this furnace. Since
the shape of the curves was found to be the same for all casings tested
on a given furnace, it was not necessary to run a large number of tests
on one size when this shape had once been determined. The shape of
these performance curves was established by tests 18 to 26 inclusive
and the location by tests 96 and 97.
Since in practice the furnace is controlled by a combination of
dampers which* in turn determine the intensity of the draft at the
smoke outlet, measured in inches of water, the draft becomes the con-
trolling factor in furnace operation, and the other factors necessarily
become functions of or are dependent upon the draft. For example,
if the furnace from which the curves in Fig. 18 were obtained is pro-
vided with a chimney capable of giving an average differential draft
of 0.09 inches of water between the ashpit and the smoke outlet, a com-
bustion rate of 10 lb. of coal per sq. ft. of grate surface per hr. could
be expected. Under these conditions the capacity of this furnace
would be 189 000 B. t. u. per hr. at the furnace bonnet, and the air
would be delivered from the register faces at an average temperature
of 195 deg. F. On the other hand, if the chimney could produce a
differential draft of only 0.025 in. then a combustion rate greater
than 5 lb. per sq. ft. of grate surface per hr. could not be expected,
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and the furnace capacity would be reduced to 116 000 B. t. u. per hr.
In this case, the air would be delivered from the registers at an average
temperature of 156 deg. F.
The curves may be used to give some indication of the require-
ments for a satisfactory chimney. The differential draft represents
the lower limit for the intensity of the draft at the smoke outlet. The
differential draft cannot be the same as the draft at the smoke outlet
unless the actual draft in the ashpit is zero. If the ashpit damper is
too small, or partly closed, thus offering appreciable resistance to the
flow of air, the draft at the smoke outlet must be greater than the
differential draft. Furthermore, in order to warm the house rapidly,
combustion rates much higher than the average daily rate are required
for short periods of time. In order to meet these conditions, a satis-
factory chimney must produce a draft intensity of from two to three
times the differential draft required for the average rate of combustion
on which the design of a plant is based. Such a draft would range
from 0.12 to 0.18 inch of water at the smoke outlet.
Performance curves are a material aid in selecting a furnace for a
house. If the heat losses from a house were such that a furnace capa-
city of 133 000 B. t. u. per hr. was required at the bonnet in zero
weather, the furnace under consideration would supply these losses
when operated at a combustion rate of 6 lb. per sq. ft. of grate sur-
face per hr. Under these conditions the efficiency would be approxi-
mately 60 per cent, and the average temperature of the air at the
registers would be 165 deg. F. Under the usual weather conditions,
however, a capacity of about 100 000 B. t. u. per hr. at the bonnet
would be required and the furnace would operate at a combustion rate
of 4 lb. per sq. ft. of grate surface per hr. The efficiency would then
be 65 per cent and the average temperature of the air at the registers
would be 147 deg. F. If the furnace is chosen to operate at maximum
efficiency during the average cold weather, then the increase in the
temperature of the air delivered at the registers and the sacrifice in
efficiency in consequence of the extra capacity required can be justified
for the few days during which the extreme weather prevails.
V. PERFORMANCE WITH ANTHRACITE AND BITUMINOUS COALS
( TESTS 74-76, 98-101 )
15. Object of Tests.-A series of tests using anthracite coal and
one using bituminous coal were rhn with two objects in view:
(a) To compare the performance of the same furnace operat-
ing with anthracite and bituminous coal.
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(b) To determine the effect of the use of a slotted firepot
on the operation with bituminous coal.
16. Method of Procedure.-The series of tests 74-76 was run on
the cast-iron circular-radiator furnace having a 52-inch lined casing,
and using anthracite coal. The standard method for testing with
anthracite coal as outlined in Chapter II, Section 7, of this bulletin
was followed. For the series of tests 98-101 on bituminous coal, the
same furnace was used except that a slotted firepot was substituted
for the plain firepot. In test 101 the slots were sealed with fireclay.
The method of testing with bituminous coal is given in Chapter II,
Section 7. The chemical analyses of the coals used may be found in
Table 4.
17. Results and Conclusions.-Performance curves for the fur-
nace fired with the two types of coal are shown in Fig. 19. From
these curves it appears:
(1) Within practical combustion rates the anthracite
coal gave higher capacity and efficiency than the bituminous coal
for the same combustion rate; at combustion rates that are ex-
cessive for warm-air furnace practice, however, the reverse was
true.
(2) In the case of the bituminous coal the efficiency was
more nearly constant over the whole range of combustion rates
than it was for the anthracite coal.
(3) At any given combustion rate more draft was required
to operate the furnace on anthracite coal than on bituminous coal.
(4) With bituminous coal, as fired under the conditions of
the tests, the slotted firepot gave about 9 per cent greater efficiency
and capacity than the firepot with the slots sealed.
The temperatures of the heating surfaces of the furnace when
fired with anthracite and bituminous coals are shown in the curves
in Figs. 39 and 40. These curves indicate that the firepot temperatures
increase with an increase in combustion rate for the anthracite coal,
while the reverse is true for the bituminous coal. The decrease in
temperature indicates that the higher drafts required to produce the
higher combustion rates cause an increase in the amount of air drawn
through the slots and result in cooling the firepot. The temperature
of the firepot was uniformly lower for the bituminous coal than for
the anthracite. The firepot temperature was also materially lower
for the slotted pot than for the one with the slots sealed. The fact
that the temperature of the combustion dome was greater for the
bituminous coal indicates that more combustion took place above the
bituminous coal fuel bed than above the anthracite bed. On the other
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hand, the radiator temperatures seem to indicate that the combustion
in the case of the bituminous coal was retarded more in the radiator,
and that probably the loss due to combustion in the flue gas was
greater.
Accumulations of soot in the radiator in the bituminous coal tests
amounted to about 11/2 lb. at low combustion rates and were negligible
at high rates. At low rates, the soot collected on the inner surface
of the radiator to a depth of about 3/8 inch while at high rates the
surface remained practically free from soot.
VI. PERFORMANCE OF A STEEL CRESCENT-RADIATOR FURNACE
( TESTS 102-106 )
18. Description of Furnace.-A description of the steel furnace
and test plant is given in Table 3 (p. 44) and in Figs. 2, 3, and 7 (pp.
17, 18, and 25).
19. Method of Procedure.-The same method of testing was used
for this furnace as for the cast-iron circular-radiator furnace. This
method is discussed in Chapter II, Section 7.
20. Results and Conclusions.-The results of the tests on the
steel crescent-radiator furnace are shown in the performance curves
in Fig. 20. These curves are for the 54-inch casing, which proved
to be the best of the four sizes of casings investigated with this furnace,
and they express the same general relationships as those discussed for
the cast-iron circular-radiator furnace in Chapter IV, Section 14.
Comparisons of the two types of furnaces can be made only in
a very general way on account of the fact that the grate sizes were not
the same. Comparison of the performance curves indicates, however,
that the steel furnace requires greater draft differential between the
smoke outlet and the ashpit to operate at a given combustion rate than
the cast-iron circular-radiator furnace. The efficiency was higher for
the steel furnace and was more nearly constant over the whole range
of combustion rates than it was for the cast-iron circular-radiator
furnace. The capacity developed at the bonnet was practically the
same for the two furnaces. The capacity, however, is materially
affected by the grate area, and probably a better basis of comparison
would be obtained from the capacity per unit of grate area. Since
the grate area of the steel crescent-radiator furnace was 2.47 sq. ft.,
while that of the cast-iron circular-radiator furnace was 2.88 sq. ft.,
the unit capacities for the crescent-radiator furnace would accordingly
be greater than for the circular-radiator furnace. The range of sizes
over which these unit capacities are applicable is problematical but
it is probably very small.
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FIG. 20. PERFORMANCE CURVES FOR A STEEL CRESCENT-RADIATOR FURNACE
The ratio of heating surface to grate surface was 24.4 for the
circular-radiator furnace and 31.7 for the crescent-radiator furnace.
The results seem to indicate in general the desirability of high ratios
of heating surface to grate surface.
VII. EFFECT OF VARYING CASING DIAMETER FOR Two TYPES
OF FURNACES
(TESTS 18-26, 39-45, 46-51, 52-56, 61-63, 74-76, 96-97, 102-119 )
21. General Statement.-Seven series of tests were run on the
cast-iron circular-radiator furnace and four series on the steel crescent-
radiator furnace in order to determine the effect of casing size on
the capacity and efficiency of the furnace. Each series represented
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a distinct size or type of casing, and all tests were run on anthracite
coal in accordance with the standard method of testing as outlined in
Chapter II, Section 7. In order to isolate the effect of variation in
the size of casing, no change was made in the leader pipes or recirculat-
ing duct when the size of casing was altered. All other details of
the plant also remained the same. This method, however, resulted
in a variation in the ratio of leader area to free area through the fur-
nace for the different casings used. In the case of the cast-iron cir-
cular-radiator furnace four series of tests were run on unlined cas-
ings, and three series on casings having a black iron lining spaced one
inch from the casing. No unlined casings were used for the steel
crescent-radiator furnace. The areas and other dimensions are shown
in Table 5.
TABLE 5
DIMENSIONS OF CASINGS AND FURNACES
Furnace
Cast-Iron
Cast-Iron
Cast-Iron
Cast-Iron
Steel
Steel
Steel
Steel
Casing
Diameter
in.
50
52
54
56
50
52
54
56
Ratio I Ratio of
Free Free Area 1 Leader
Area to Pipe Area
sq. in. Gross Area to
Free Area
716 0.361 1.130
860 0.405 0.940
1012 0.444 0.798
1155 0.480 0.700
827 0.404 0.976
913 0.430 0.883
1094 0.473 0.738
1225 0.498 0.660
Ratio of
Free Area
to
Leader
Pipe Area
0.889
1.065
1.253
1.430
1.025
1.130
1.354
1.516
Grate
Surface
sq. ft.
2.88
2.88
2.88
2.88
2.47
2.47
2.47
Heating
Surface
sq. ft.
70.3
70.3
70.3
70.3
78.4
78.4
78.4
2.47 78.4
22. Results and Conclusions.-The performance curves for the
cast-iron circular-radiator furnace with the various casings used are
given in Fig. 21 and those for the steel crescent-radiator furnace in
Fig. 22. The curves for both furnaces and for lined and unlined cas-
ings show a similar effect. Starting with the smallest casing a de-
crease in capacity and efficiency took place when the casing diameter
was enlarged two inches. The next increase in casing diameter re-
sulted in an increase in efficiency and capacity while a still further
increase in casing diameter again resulted in a decrease in efficiency
and capacity. The curves in Fig. 23 show this variation more clearly.
These curves were derived from Figs. 21 and 22 and the capacities
were plotted to a unit grate basis in order to make the results ob-
tained from the two sizes of grates more nearly comparable. This
process is based on the hypothesis that if the size of grate were in-
creased to the next larger size all of the furnace and plant dimensions
would be increased proportionally and a corresponding increase would
I
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FIG. 21. PERFORMANCE CURVES FOR FOUR SIZES OF CASINGS ON A CAST-IRON
CIRCULAR-RADIATOR FURNACE
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take place in the capacity. Evidently this would not be true for a
very wide variation, but within narrow limits the approximation is
probably correct. Since no tests were run on a 54-inch lined casing
for the cast-iron circular-radiator furnace, the shape of the curve
was taken from a similar one plotted from the results for the unlined
casings. The outstanding feature in Fig. 23 is the similarity of the
curves for the two types of furnaces, notwithstanding the fact that
the distribution of heating surface was radically different in the two
cases.
The curves in Fig. 24 may be used as a possible explanation for
the peculiarity shown by the curves in Fig. 23. From Fig. 24 it may
be seen that the heat loss curve is the inverse of the capacity curve
and apparently the heat loss was a greater factor in determining the
changes in capacity than the friction through the furnace. If the
friction had been the predominating factor a uniform increase in
capacity with increases in casing size would be expected.
For the very small casings the velocity was high. This produced
a greater rubbing effect on the heating surfaces and aided the heat
transmission to the air. At the same time the close fitting casing
forced the major part of the air to pass between the radiator and
the combustion chamber, thus utilizing these surfaces to better extent.
The high velocity over the lining and casing surfaces minimized the
heat loss from the casing. All of these factors combined to give a
high capacity. When the casing size was increased the velocity was
decreased and less air passed between the radiator and combustion
chamber. The heat loss from the casing remained about the same
and the decrease in capacity was probably caused by a decrease in
effectiveness of the heating surface. On further increasing the size
of the casing, the effectiveness of the heating surfaces remained about
the same but the heat loss from the casing decreased and the net re-
sult was an increase in capacity. Finally, on the largest size casing,
the velocity became so low that the effectiveness of the heating sur-
faces was materially reduced and at the same time cross currents
within the casing were formed. These cross currents carried heat
from the heating surface to the casing which was of greatly increased
area and probably increased the heat loss. All of the factors, there-
fore, combined to reduce the capacity.
The curves in Fig. 23 seem to indicate that the best results were
obtained on both furnaces with a casing having a ratio of free area
to gross area of approximately 0.46 and a ratio of free area to leader
area of 1.35. Very good results were obtained with a ratio of free
area to gross area of approximately 0.37 and a ratio of free area to
leader area of approximately 0.9, with indications that still smaller
casings would have been better. The 50-inch casing, however, was
the smallest that it was practicable or possible to use.
ILLINOIS ENGINEERING EXPERIMENT STATION
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The curves in Fig. 25 show the effect on capacity per sq. in. of
free area of increasing the ratio of leader pipe area to free area
through the furnace. The curves indicate that a somewhat further
reduction in casing size, beyond the smallest casings tested, may give
/'A// of Leader /Are /-urn'ca'W r/-ee Ar1a
FIG. 25. EFFECT OF RATIO OF LEADER PIPE AREA TO FURNACE FREE AREA FOR
Two TYPES OF FURNACES
still greater capacities per sq. in. of free area through the furnace. It
should be noted, however, that when the ratio of leader pipe area to
free area is increased much above 1 to 1 the plant may breathe, or
some one of the warm-air pipes may act as a cold-air duct.
VIII. FURNACE BONNETS OF THREE TYPES
( TESTS 74-76, 84-89, 90-93 )
23. Description of Plant.-The comparisons made in this Chap-
ter are based on the results of tests on a furnace equipped with
bonnets of three types. In all details, the furnace and plant were the
same in the three groups of tests except for the bonnets and necessary
changes in the bonnet connections. A view of the furnace and con-
nections as arranged for the first group of tests is shown in Figs. 1,
2, and 3.
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The three bonnet constructions, which are shown in the cross-
sectional details of Fig. 26, were as follows:
(a) Conical bonnet with side outlet collars.
(b) Cylindrical bonnet with side outlet collars but leader
pipes in same position as in (a).
(c) Shallow cylindrical bonnet with elbow outlets in top,
leader pipes horizontal and tops of leaders at same elevation.
24. Results of Tests.-The performance curves for the tests are
given in Figs. 27, 28, and 29.
25. Discussion of Results and Conclusions.-Definite conclusions
may be drawn from the curves of Fig. 29, in which the net heat avail-
able at the registers of the plant was plotted for various rates of com-
bustion. For combustion rates below 9 lb. of coal per sq. ft. of grate
area per hr. the (c) bonnet gave 10 per cent more heat available at
the register than the (a) bonnet, and 3 per cent more than the (b)
bonnet. Above the combustion rate of 9 lb., however, the (c) bonnet
performance fell below that for the (b) bonnet, and above 10.5 lb. it
fell below that for the (a) bonnet.
This failure of the (c) bonnet above a 9- or 10-lb. combustion rate
resulted from two causes: a reduction in rate of increase in weight
of air flowing, and reduced air temperatures at the registers, as may
be observed from Figs. 27 and 28. Figure 28 indicates that the weight
of air did not increase in the (c) bonnet as rapidly as in the (a) and
(b) bonnets. The two principal components of bonnet capacity are
temperature and weight of air. The curves show that at any given
register air temperature above 200 deg. F., the bonnet capacity was
lower for the (c) bonnet than for the (a) or (b) bonnets. This could
only be accounted for by a weight of air lower than for the (a) or
(b) bonnets. Figure 27 shows that at a combustion rate of 10 lb. per
sq. ft. of grate per hr. the register air temperature for the (c) bonnet
fell below the register air temperature for the (b) bonnet, and at a
little over 11 lb. it fell below the register air temperature for the (a)
bonnet.
A probable explanation of the rapid falling off in the rate of in-
crease in heating effect at the register, and also in heating capacity
at the bonnet, for combustion rates above 9 lb. per sq. ft. of grate,
may be given. The conical bonnet, (a), deflected the current of air
from the space surrounding the radiator toward the center of the
furnace with consequent turbulence and loss of head. The cylindrical
bonnet, (b), was freer from turbulence and hence exceeded the (a)
bonnet in air handling capacity. The (c) bonnet was most effective
at lower temperatures and combustion rates because of the greater
height of the hottest part of the air column in the system which
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extended up into the elbows. However, at higher combustion rates, the
increased turbulence in the extra 90-deg. turn just above the bonnet
and the interference with the top of the bonnet had the effect of
limiting the air handling capacity.
The results indicate that of the three types of bonnet construc-
tion tested the cylindrical bonnet with side outlets, the (b) bonnet,
was the most satisfactory over the whole range of operation of the
furnace. This may not be true of all installations, for it is probable
that with sloping leader pipes and a correct distribution of the out-
lets in the bonnet top, the performance of the (c) bonnet at a com-
bustion rate above 9 or 10 lb. could be improved.
IX. RECIRCULATING DUCTS OF Two TYPES
( TESTS 11-15, 74-76 )
26. Description of Plant and Tests.-These tests were run to de-
termine the effect of recirculating duct design on the performance of
the furnace operating under the conditions of gravity circulation. The
comparison has been made on the basis of heat available at the reg-
isters for each type of duct. This basis shows the over-all effect of
Dua/ A wDut S
FIG. 30. Two TYPES OF RECIRCULATING DUCT TESTED
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such ducts on the actual heating of a house. The furnace plant
(Figs. 1, 2, and 3) used in the tests was identical for both cases ex-
cept for the changes necessary (Fig. 30) in the recirculating duct.
The tests were made as follows:
(a) A series of four tests was selected from previous work,
for comparison. These tests were run on the plant as described
under the "Main Plant" in Bulletin 112 of the Engineering Ex-
periment Station.* The essential features of the duct are shown
as Duct A, Fig. 30.
(b) A series of tests was run on the furnace with the im-
proved reeirculating duct shown as Duct B, Fig. 30.
27. Results of Tests.-The results of the tests are shown in the
curves of Fig. 31, in which the heat available at the registers above
70 deg. F. is plotted against register air temperatures.
28. Discussion of Results and Conclusions.-The round duct with
45-deg. elbows and without the unsatisfactory right-angle bends of
the rectangular duct handled a much greater quantity of air and devel-
oped a greater heat available at the registers (Fig. 31) than the rec-
tangular duct. Table 6 contains a comparison of the performance of
TABLE 6
HEAT AVAILABLE AT REGISTERS FOR TWO TYPES OF RECIRCULATING DUCTS
Register Air Temperature
deg. F.
130 (Low ) ......... .......
160 (Moderate) ..... .
190 (H igh) .............
Heat Available at Registers above 70 deg. F.
B. t. u. per hr. Per Cent
Increase for
Round Duet
Rectangular Duct Round Duet
47000 54000 15.0
81000 94000 16.0
120 000 138000 15.0
the plant with the two types of duct on a percentage basis for three
register air temperatures. The round duct had a center line length
of 11 ft. as against 14 ft. for the rectangular duct. On the other hand,
the round duct was equipped with a register grille, whereas the rec-
tangular duct had none. The grille resistance amounts to 4 per cent
of the furnace capacity at moderate temperatures (Chapter XI). The
failure of the rectangular duct to handle the same quantity of air as
the round duct may be ascribed to sharp right-angle turns, greater
length, and greater frictional surface for the same cross-sectional area.
The values in Table 6 were selected from the curves of Fig. 31.
* "Report of Progress in Warm-Air Furnace Research," Univ. of Ill., Eng. Exp. Sta.,
Bul. 112, 1919.
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FIG. 31. REGISTER AIR TEMPERATURE -HEAT AVAILABLE RELATION FOR
TESTS OF TWO TYPES OF RECIRCULATING DUCTS
X. A CENTRIFUGAL FAN AS AN AUXILIARY TO A
FURNACE HEATING SYSTEM
( TESTS 27-36 )
29. Description of Plant.-The plant used for the tests was the
piped furnace plant shown in Figs. 1, 2, 3, and 32 except that the
inner casing was removed. Details of the recirculating duct and of
the plant in general are shown in Fig. 32.
It should be noted that the plant used in these tests was well de-
signed and had a very large air-handling capacity even when the fan
was not in operation. The fans used were of the small centrifugal
type. Such units are not intended for continuous service, but merely
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Fio. 32. DETAILS OF PIPED FURNACE USED IN FAN TESTS
serve to accelerate the air flow in cold weather, and temporarily to
increase the capacity of a gravity system. It should be made clear
that the investigation of small fan units does not include, at present,
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the more elaborate "fan-furnace" systems which are installed in large
buildings to provide for both heating and ventilation.
30. Description of Tests.-Six conditions, with five different ar-
rangements of apparatus, were investigated:
(1) With fan and 5-ring inductive nozzle completely con-
tained in the recirculating duct, as shown in arrangement I,
Fig. 33, three complete efficiency tests were run, including the
whole range of combustion. The fan dimensions are shown in
Fig. 33.
(2) With the same arrangement as in arrangement I, Fig.
33, a series of furnace capacities was obtained over a wide range
of combustion rates, both with and without the fan running.
[The purpose of these tests was to determine the magnitude
of the resistance to air flow occasioned by the presence of the fan
and motor in the recirculating duct, as well as to determine the
amount by which running the fan increased the gravity flow with
the fan and motor obstructing the flow. See arrangement I,
Fig. 33.]
(3) An inlet pipe was added, as shown at II, Fig. 33, and
another series of furnace capacities was obtained. A Pitot tube
in the inlet pipe to the fan was used in determining fan capacity.
(4) With a larger fan installed outside of the duct as shown
at III, Fig. 34, a series of furnace capacities was obtained, both
with and without the fan running. In these tests three large
rings were added to the nozzle so that no large annular space
around the nozzle remained, and the 6-inch ring of the first
nozzle became the fan discharge connection. The fan dimensions
are shown in Fig. 34.
(5) An inlet pipe was added, as shown at IV, Fig. 34, to
supply the fan with air from the cold-air box beneath the reg-
ister, and three complete efficiency tests were run over the range
of combustion rates of the furnace.
(6) The fan inlet pipe was removed and the inductive nozzle
replaced by a fan discharge pipe extending into the recirculating
duct as shown in arrangement V, Fig. 34. A series of furnace
capacities was obtained over the range of combustion rates of
the furnace.
31. Results of Tests for Fan and Nozzle Arrangements I to V.-
In Fig. 35 are shown the performance curves of the furnace for the
tests with arrangements I to V, and also for the furnace operating
under gravity head. The upper limit for the combustion rate was
taken as that rate which was supported by a draft of 0.2 inch of water
at the smokepipe connection.
The furnace efficiencies showed a marked increase at the low
combustion rates for both the large and the small fans, but at the
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FIG. 33. FAN ARRANGEMENTS FOR TESTS WITH SMALL FAN
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FIG. 34. FAN ARRANGEMENTS FOR TESTS WITH LARGE FAN
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high combustion rates the furnace efficiencies for the tests with fans
approached those for the gravity tests. This indicated that a limiting
velocity of flow for the furnace had been reached, beyond which in
creased air heating surface and better casing insulation would be
necessary if high efficiencies were to be maintained for high combus-
tion rates. The efficiency curves show that at low furnace tempera-
tures very high efficiencies may be obtained by the use of "booster"
fans. Increases from 58 per cent efficiency to 68 per cent efficiency,
at low furnace temperatures, were obtained in the tests.
The curves of Fig. 35 illustrate the effect on bonnet capacity (heat
put into the air between inlet and bonnet), of arranging the fans and
inductive nozzles in the various ways noted in the description of tests
and shown in Figs. 33 and 34. Table 7 contains a statement of the
percentage increase in bonnet capacities with fan operation cor-
responding to three register air temperatures.
TABLE 7
PERCENTAGE INCREASE IN FURNACE CAPACITIES FOR VARIOUS ARRANGEMENTS
AND SIZES OF FANS
WITH DATA ON FANS AND INDUCTIVE NOZZLES
Percentage Increase in Bonnet
Capacity at Three Register Air
Temperatures...............
Weight of Air Flowing,
lb. per hr ..................
Register
Air
Temperature
deg. F.
130-(Low )
160-(Mod.)
190-(High)
130- (Low)
160-(Mod.)
190-(High)
Fan Capacity in lb. Air per hr .................
Induced Flow During Actual 130-(Low)160-(Mod.)Test, lb. Air per hr. ........... 190-(High)
Apparent Induced Flow as Indicated by Anemo
Recirculating Duct with no Fire in Furnace, lb.
Watts Input to Motor During Tests ............
Gravity Flow Fan Arrangement
Capacity
B. t. u. per hr. i I I IV v
72500 11.0 12.4 40.0 30.6 33.0
122500 8.2 9.8 34.0 22.0 25.5
176000 7.9 7.8 30.0 18.8 19.3
Gravity Flow Fan Operation
3870 4390 4460 5830 5300 5410
4550 4920 5020 6280 5780 588(1
4940 5420 5390 6620 6100 6230
. ... ....... . 905 905 1890 1590 1890
-385 -315 + 70 -160 -350
-535 -435 -160 -360 -560
-425 -- 55 -210 -430 -600
meter in Main
Air per hr. .... 1115 250 2040 1710 1760
. ...... .... .. 100 99 125 105 125
32. Discussion of Results.-The increase in the weight of air
passing through the furnace in pounds per hour when the fan was
running was equal to the fan capacity in pounds of air per hour in
only one case, as will be seen by reference to Table 7. Hence there
was practically never any inductive action produced by the fan and
nozzles, as the increase in weight of air flowing was less than the fan
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capacity in pounds of air per hour except at one temperature, as
shown by the negative values. In other words, the weight of air
handled when the furnace was in operation with the five fan and
nozzle arrangements was with one exception never increased over
gravity flow by as much as the normal rated fan capacity in pounds
of air per hour.
The inductive nozzle shows an advantage over a straight fan dis-
charge pipe (curves III and V in Figs. 35 and 36). This advantage
may be attributed to the prevention of eddies and turbulence which
might otherwise exist in the recirculating duct.
The inductive nozzle does show a positive induced flow when
there is no fire in the furnace for all five fans and nozzle arrangements.
When the furnace was cold and the fan and nozzle were in still air, run-
ning the fan always produced an induced flow of air into the register
at the entrance to the cold-air duct. When the furnace was hot and
the fan and nozzle were in a moving stream of air, running the fan did
not induce a flow of air into the register at the entrance to the cold-
air duct.
The increases in capacity at the bonnet in B. t. u. per hr., it
may be noted (Fig. 35), were substantial. The highest bonnet capaci-
ties were obtained with arrangement III. This, however, is not a
desirable arrangement for use in residences as it would involve the
introduction of basement air into the rooms of the house.
The redistribution of the air to the various floors was indicated
by a comparison of register face velocities obtained in the fan tests
with those previously obtained in gravity tests. Table 8, following,
is a comparison based on anemometer traverses made with arrange-
ment IV at a moderate register air temperature of 160 deg. F.
TABLE 8
EFFECT OF FAN OPERATION ON DISTRIBUTION OF HEATED AIR
Average Register
Ai Tle
Number of Registers .................... ..
Average Anemometer
Reading, Gravity Flow (Test 20) ...........
Average Anemometer
Reading, Fan Running (Test 34) ............
Per Cent Increase.........................
r ,prturedeg. F.
159
160
e1st
Floor
4
127
185
45.0
2d 3d
Floor Floor
4 2
181 250
206 271
11.4 10.8
In the tests referred to in Table 8, the heat pipes were not damp-
ered, and the result was that most of the increased air volume flowed
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to the heat pipes in which it encountered the least resistance, namely,
the large pipes to the first floor registers.
The cost of electric current for arrangement IV for operating
the fan motor, based on a rate of 10 cents per kilowatt-hour, for one
hour's operation would be 10 X 0.105 = 1.05 cents. At an average
rate of combustion, using 6.5 lb. of coal per hr. per sq. ft. of grate,
and at a fuel cost of 15 dollars per ton for coal, the cost of fuel for
one hour would be
6.5 X 2.88 X 1500
= 14 cents
2000
or the ratio of cost of the electrical current to the cost of the fuel
would be 1.05/14.0 = 0.075 or 7.5 per cent.
XI. EFFECT OF REGISTER GRILLES ON PIPED FURNACE
PLANT CAPACITY
( TESTS 18-26, 37 )
33. General Statement.-In the investigation of register grilles
in the main plant, tests under three conditions were made as follows:
(a) All register faces on the hot side of the system were
removed leaving the open register boxes with no dampers or ob-
structions.
(b) Sloping plates were inserted in the tops of the register
boxes, as shown in Fig. 37, to simulate the open position of the
register valve used in this particular type of register.
(c) The large cold-air register was removed, leaving the
entire system without register grilles, and the warm-air register
boxes with the sloping top sheets.
For each of these conditions, the register temperatures were varied
over a wide range, and temperatures were taken simultaneously with
readings of an anemometer in the recirculating duct. This anemom-
eter was calibrated for the particular position and conditions of the
tests. Table 9 gives the gross and free areas of the registers used
on the plant.
34. Results and Conclusions.-The results of the tests are shown
in the curves in Fig. 38. Capacities were plotted against the register
air temperatures, in order to show clearly the effect of removing the
register faces. The full line represents the capacity for the normal
conditions of operation with all register grilles in place. The signifi-
cant conclusions are as follows:
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TABLE 9
AREAS OF REGISTERS TESTED
Warm-Air Registers:
1st F loor .............................
2d F loor ........... .. ..............
3d F loor . .......... ......... ......
T o ta l ....... . . .. .. . ... . . .. . ... . . .. . .
Cold-Air Register .......... ...... ....
Number Gross Area
Used ea., sq. ft.
4 0.96
4 0. 63
2 0.63
10 7.62
1 8.70
(a) No increase in capacity was indicated in the case of
the open register boxes on the hot side of the system.
(b) No appreciable increase in capacity was indicated in
the case of the open faces with the sloping top plates on the hot
side. It was expected that these plates would assist in reducing
the loss in capacity due to turbulence, but no beneficial effects
were found.
(c) An increase in capacity of 6.5 per cent at high tem-
peratures, 4 per cent at moderate temperatures, and 1 per cent
at low temperatures, resulted when the cold-air register was
removed.
The results of these tests indicated that warm-air register grilles
do not offer an appreciable resistance to the flow of heated air, pro-
vided the free areas are not reduced below 70 per cent of the gross
areas. The explanation is that the friction of the grilles is small in
comparison with the total resistance to the flow of air through a fur-
nace and the connected pipes and ducts.
When the cold-air register was removed, the increase in capacity
was shown to be appreciable in amount. This fact appears more
significant when it is considered that the cold-air register used in the
test furnace plant is unusually large. Greater losses may be expected
to occur in plants having small registers and high velocities as it has
been shown that the percentage of losses due to the grilles were
greater at high velocities than at low velocities.
In Bulletin 120 of the Engineering Experiment Station* (p. 134),
is given a report of tests of register grilles in a pipeless furnace in
which it was pointed out that the grille in the warm-air register of
the pipeless furnace caused a reduction of 2.7 per cent in capacity.
The tests on the piped furnace plant corroborate the results previously
reported on the pipeless furnace plant.
* "Investigation of Warm-Air Furnaces and Heating Systems," Part I, Univ. of Ill.,
Eng. Exp. Sta., Bul. 120, 1921.
Free Area
ea., sq. ft.
0. 6
0.46
0.46
5.48
4.36
Per Cent
Free Area
71
73
73
72
50
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XII. HEAT EMISSION FROM THE HEATING SURFACES
FOR THREE TYPES OF FURNACES
(TESTS 18-26, 53-59, 61-63, 74-82, 85-89, 96-127 )
35. Object of Tests.-A study of the heat emission from the heat-
ing surfaces of the different furnaces tested has been made in order
to determine the relative value of the different sections of the heating
surface, and to establish basic data that might be of assistance in the
design of new furnaces. The curves developed should not be used
as a basis for comparing the performance of the various types of fur-
naces, since those tested did not have equal amounts of total heating
surface or the same distribution of surfaces.
36. Theory and Method of Procedure.-For this analysis data
were used from all tests in which surface temperatures for the different
sections of the heating surfaces had been observed. The surface tem-
peratures were measured by chromel-alumel thermocouples with the
junctions peened into the surface. All other data formed part of
observations taken on routine tests. The points on the curves, there-
fore, are representative of various types of casings, linings, and bon-
nets as well as of the types of furnaces used.
The design of a furnace must necessarily be based on factors which
may be either taken from physical dimensions or estimated from prac-
tical considerations. The logical starting point for design purposes
would therefore be the expected capacity at the furnace bonnet. When
this has been decided upon, the combustion rate that can be expected
with a standard grade of coal may be readily determined from a set
of performance curves similar to those discussed in Chapter IV for
the type of furnace under consideration. The probable temperature
for the air at the bonnet may also be estimated from the performance
curves. The heat emission per square foot of surface and all other
factors affecting design have therefore been correlated with the com-
bustion rate in order that the combustion rate may be used as a basis
for design.
The heat emitted per square foot of surface is a function of the
temperature of the surface. The curves in Figs. 39 to 42 show that
a definite relation exists between the combustion rate and the surface
temperature for each type of furnace. This leads directly to the
conclusion that a definite relation also exists between the heat emitted
per square foot of surface and the combustion rate. Such relations
are shown in the curves of Figs. 44 and 45.
The mean heat emitted per square foot of total heating surface
was calculated directly from the heat given up by the combustion of the
fuel. For the purpose of this analysis the surface of the sides of the
ashpit has been included as effective heating surface. The areas of
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FIG. 43. TEMPERATURE OF ANTHRACITE FUEL BED
the heating surfaces for the different furnaces are given in Table 10.
Part of the heat generated in the fuel bed escapes through the
furnace front and the grates and floor of the ashpit, which are not air
heating surfaces, and part is carried away as heat in the flue gases.
The remaining heat generated must pass out through the heating sur-
faces proper; therefore,
Ht = H -- ht- - h3
in which Ht = the B. t. u. per hr. emitted by the heating surface
proper, He = the B. t. u. per hr. given up by the fuel, h, = the B. t. u.
TABLE 10
AREAS OF HEATING AND GRATE SURFACES
C. I. Circular-
Radiator Furnace
Ashpit (Asa) sq. ft. ........... ..... 11.38
Firepot (Af) sq. ft ........ ... .. 8.10
Combustion Chamber (Ac) sq. ft. 18.87
Radiator (Ar) sq. ft............. 31.93
Total (At) sq. ft............. 70.28
Grate area (G) sq. ft....... ..... 2.88
Ratio At G ..................... 24.40
Steel Crescent-
Radiator Furnace
10.60
10.70
19.20
37.90
78.40
2.47
C. I. Crab-
Radiator Furnace
10.43
7.09
20.02
23.84
61.38
2.64
23.20
II
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per hr. escaping in the flue gas, h2 = the B. t. u. per hr. pass-
ing through the floor, and h3 = the B. t. u. per hr. passing through
the furnace front. If At = the total sq. ft. of heating sur-
I/
face in the furnace, then -- H't = the mean heat emitted per sq. ft.
of total heating surface per hr. This is shown plotted against com-
bustion rate in Figs. 44 and 45. These curves should not be used ex-
cept in designing furnaces of the same type and distribution of heat-
ing surfaces as those tested.
In order to obtain the heat emitted by the various sections of the
heating surface, an indirect method of calculation must be used. This
method is based on the equation
H=KA (t-f')
in which H - the heat emitted per hr. by any surface, K = the emis-
sivity coefficient or B. t. u. per hr. emitted per sq. ft. of surface per
deg. difference in temperature between surface and air, A = the area
of the surface in sq. ft., t - the mean temperature of the surface and
t'- the mean temperature of the air surrounding the surface. The
heat emitted by any section can be calculated if K, A, t, and t' are
known for the given section. A and t were measured for each section,
and K and t' had to be determined otherwise.
The mean K,, could be determined from this equation provided
the mean total heat emitted Ht was known. The air temperature t't
was obtained by taking the mean of the inlet and bonnet temperatures.
The mean temperature of the total surface was obtained by weighting
the mean temperatures of the ashpit, firepot, combustion chamber, and
radiator in proportion to their various areas. This weighting was
accomplished by means of the equation
Aa ta + Af tf + A, t, + Ar trlt =-- -----------
At
in which A is the area in sq. ft. and t the temperature of the surface,
and the subscripts refer to the ashpit, firepot, combustion chamber,
radiator and total surface respectively.
Then
K Ht
A, (tt - t't)
Since K,. is a function of (tt - t't), the values of K,n have been
plotted against this mean temperature difference between heating sur-
face and air and are shown for the various furnaces in Fig. 46. If
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this value of K,, is valid for a given temperature difference for the
whole heating surface it should be valid also for any given section
at the same temperature difference between surface and air.
It was impossible to measure t', the mean temperature of the air
surrounding each section, and therefore an estimation of this tempera-
ture was made. The total temperature range between inlet and bonnet,
however, was not great and hence chance for any great error was
eliminated when this was divided up to give the mean air temperature.
In order to obtain the heat emission from any given section, for
example the firepot,
Hf = K, At (tf - t'f)
tf was taken from the observed mean temperature and t'f was estimated
using the total temperature rise from inlet to bonnet as a guide. A
value of K,, corresponding to (tf- t'f) was then chosen from the
H
curves in Fig. 46. The calculated values of H' = have been plotted
against combustion rate and are shown in the curves of Figs. 47 to 50.
As a final check on the validity of Km and the estimated tempera-
tures t', the relation
H't At " H', A,, + IH' A, + IIH' A, + I'r Ar
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must exist between the curves in Figs. 43 and 44 and those in Figs.
47 to 50. When this test was applied to the heat values calculated
from the various tests, it was found that in the majority of cases the
sum
H', Aa + H'f Af + H'c A, + H'r Ar
did not deviate from Ht, which was calculated primarily from the
heat value of the coal, by more than 7 per cent and that the deviation
was sometimes negative and sometimes positive. Hence the curves
may be accepted as representing the mean heat values to within about
5 per cent.
Part of the heat emitted from the heating surfaces is radiant heat,
and part is given by conduction and convection to the air passing
through the casing. Part of the radiant heat is lost and part is ab-
sorbed by secondary surfaces, such as casing linings, and is then given
to the air by conduction and convection. The proportion of the heat
emitted that actually went into the air circulated, and appeared as
heat in the air at the bonnet, is given in the curves in Fig. 51. The
heat required at the bonnet divided by the factor taken from these
curves would give the probable heat emitted by the heating surfaces,
which could then be used in connection with the curves in Figs. 44,
45, 47, 48, 49 and 50 to proportion the heating surfaces.
37. Discussion of Results and Conclusions.-All of the heat emis-
sion curves indicate that the heat emitted from the heating surfaces
is independent of the type or size of casing or bonnet, since the points
representing tests on any one type of casing or bonnet do not show
a marked tendency to fall on only one side of the curves.
The spread of points in the curves in Fig. 51 proves that the
heat absorption by the air circulated was affected by variations in
the types of casings used. However, the spread is not sufficient to
preclude drawing a mean curve that may be used to represent the
average performance of the different types of furnaces tested.
While the curves may not be used to compare the relative merits
of the types of furnaces tested, they do indicate that in general when
the ratio of heating surface to grate surface is low the unit heat
emission is high, but that the higher unit emission is brought about
by correspondingly higher surface temperatures. Furthermore, while
the curves seem to indicate considerable spread in the unit heat emis-
sion for the different furnaces, the total heat emission is very nearly
the same for all because different total heating surface areas are in-
volved. It is also significant that the unit heat emission for the com-
bustion chamber is approximately the same for all furnaces tested,
since conditions within the combustion chamber are practically
identical and the surface temperatures are very nearly the same.
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The curves in Figs. 47 to 50 show that the ashpit is effective
heating surface, although it is not ordinarily included as such. It
should also be noted that these curves show the relative unit heat emis-
sion for the various sections and that the relative values of the different
sections themselves will be different from these, inasmuch as the unit
values must be multiplied by the corresponding area of the section
before comparison can be made.
The curves in Fig. 48 show that the unit heat emission from the
firepot decreased with increasing combustion rates when bituminous
coal was used. This may be accounted for by the fact that as the
draft increased more air was drawn through the slots in the firepot
and produced a cooling effect on the pot. The temperature curves
in Fig. 40 also lend weight to such an hypothesis. When the slots
in the firepot were sealed the unit heat emission became higher. At
the same time the unit heat emission for the combustion chamber
decreased which seems to indicate that the combustion above the fuel
bed was retarded due to lack of air when the slots were sealed. The
temperature in the fuel bed of the cast-iron circular-radiator furnace
is shown in Fig. 43. This temperature varies from 1800 to 2700
deg. F. It is evident that there is a temperature difference of ap-
proximately 1350 deg. F. between the fire and the outer surface of
the firepot, indicating that even in unslotted firepots air passes between
the fuel bed and the inner surface of the firepot. This air circula-
tion acts to cool the metal and to make it possible to operate at high
combustion rates without melting the firepot.
XIII. EFFECT OF INNER CASINGS AND RADIATION SHIELDS
ON FURNACE PERFORMANCE
(TESTS 18-26, 39-63, 74-82, 94-97 )
38. General Statement.-In this chapter of the bulletin are in-
cluded discussions of the results obtained with various types of lin-
ings inside of the furnace casing. The function of all such linings is
to increase the heating capacity of the furnace by decreasing the
loss of heat from the casing and by increasing the temperature of the
air in the system. Increases in the temperature of the air are reflected
in increased velocities of air flow and hence in capacity.
39. No Lining.-In connection with the study of casing size,
discussed in Chapter VII, tests of four diameters of unlined casings
were made. In these tests a single thickness of galvanized iron separ-
ated the moving air stream from the exterior atmosphere. This series
of tests has been used as a basis of comparison for the lined casing
tests. The furnace used was of the cast-iron circular-radiator type.
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The connections to the furnace were identical in all four cases, 804
sq. in. of recirculating duct area and 808 sq. in of leader pipe area
being provided. In Fig. 21 the dotted lines represent the perform-
ance of the four sizes of unlined casings.
40. Black-Iron Lining.-Three of the four casings were tested
with black-iron sheet linings spaced 1 inch from the casing and ex-
tending from the top casing ring to the grate level as shown in Fig. 52.
The performance with the three different casing sizes may be
observed in Fig. 21 in the full lines. It is evident that the lined
casings gave decidedly higher efficiencies, capacities, and register air
temperatures than the unlined casings. It should be noted that the
linings were not as effective in increasing the capacity when the cas-
ing was of small diameter as when the casing was of large diameter.
The following table illustrates this point with data taken from the
curves of Fig. 21.
TABLE 11
EFFECT OF LININGS ON CAPACITIES OF FURNACES
Casing Casing
Diameter Free Area
in. sq. in.
50 716
52 860
56 1155
Capacity at Bonnet for 7 lb. Combustion
Rate, B. t. u. per hr.
Lined Unlined
147 000 137 000
135 000 123 500
142 500 130 000
The effect of increasing the distance between the casing and the
black-iron lining from 1 inch to 2 inches indicates some advantages in
favor of the wider air space. An average gain of 2 per cent in capacity
was obtained by this increase, the gain being greatest at low combus-
tion rates.
The heat-loss calculations based on observed casing surface tem-
peratures showed that the heat losses from the furnace with a 2-inch
air space between casing and lining were less than for the same fur-
nace with a 1-inch air space. The lower temperatures of the casing
surface when the 2-inch air space was used indicated that a greater
proportion of the air passed between casing and lining.
41. Bright Tin and Asbestos Paper.-A second comparison was
made to show the relative value of (a) the 1-inch air space with black-
iron lining and (b) a corrugated bright-tin lining backed with asbestos
paper, pasted to the casing. In Fig. 53 the performance curves for
furnaces having the two types of lining are shown. As may be
Per Cent Gain
Lined over
Unlined Casings
7.3
9.4
9.6
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observed from Fig. 53 the air-space lining proved the more efficient,
the capacity averaging about 2 per cent higher than for the asbestos
paper and tin lining.
42. Radiation Shield.-A third test made with a cylindrical
shield of black iron, located as shown in Fig. 52, showed that such
shields placed adjacent to the hottest surfaces, so as to intercept a
large part of the radiant heat, improved furnace performance. This
is true when the increased heating effect and the increased motive
head due to the flow of air of higher temperature are not offset by
the resistance of the shield to the flow.
In the tests the shield of black sheet iron was so located as to
divide equally the area of the air stream at the elevation of the top
of the firepot. As shown in Fig. 52 the shield carried a detachable
apron which extended 6 inches below the level of the grates. The re-
sults of the tests on this equipment are embodied in the curves of
Figs. 54 and 55. From these curves the following conclusions may
be drawn:
(a) Marked increases in furnace efficiency, capacity, and
register air temperature resulted from the use of the radiation
shield, the increase in capacity amounting to 7.5 per cent at an
average rate of combustion.
(b) No difference could be detected between the perform-
ances with the short and the long shields. This fact may be ob-
served in Fig. 54 in which points representing tests with both
types of shields lie on a common curve.
(c) The actual heat available at the registers of the plant,
Fig. 55, for any assumed rate of combustion was increased ap-
proximately 8.5 per cent by the use of the shield. This increase
was the combined effect of higher air temperatures at the reg-
isters and a greater weight of air flowing.
(d) Intercepting the radiant heat from the hot castings
reduced the casing temperatures from 150 to 105 deg. F. at low
rates of combustion and much more at high rates, and reduced the
heat losses about one-fourth, or 3 per cent of the heat of the fuel.
(e) The temperature of the shield ranged from 310 to 510
deg. F. approximately the same as the temperature of the ashpit.
(See Table 2.)
43. Friction.-Casing linings, of the various types discussed in
this chapter, are useful in increasing the capacity of furnaces but it
should be understood that the increased capacities are attended by in-
creased register air temperatures. These increases in temperature
may be proportionally greater than the capacity gains, and hence for
the same register air temperatures, casing linings may actually cause
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reductions in furnace capacity. That this was true in the tests in
which the corrugated-tin and asbestos paper and the sheet-iron linings
were added to an unlined casing may be observed in Fig. 56. Inas-
much as the density of the air at the registers is a function of the
temperature at the registers, it is evident that at the same register air
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FIG. 56. FRICTIONAL RESISTANCE OF LININGS
temperature any reduction in capacity due to linings must be the
result of a decreased weight of air flowing. A decrease in the weight
of air flowing must be the result of added resistance, and the curves
of capacity based on register air temperature have been assumed to
be indicative of the frictional resistance of inner linings or other
obstructions in the warm-air stream. Theoretically these curves do
not indicate the friction of the linings but rather a composite of lining
friction, altered friction in the system caused by changed velocity,
and changed heat losses from the system.
XIV. INSULATION AND HEAT LOSS OF FURNACE
( TESTS 18-124 )
44. General Statement.-In all the tests conducted on piped fur-
naces, temperatures of the bounding surfaces have been observed for
the purpose of ascertaining the amount of the heat loss and the
distribution of the loss from the various parts of the exterior surface.
Tests were also conducted in which these various surfaces were
-. 4--llf ' /IT /T nz 11r
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insulated and the effect of the insulation upon performance was ob-
served.
45. Method and Procedure.-Temperatures of the surfaces were
determined by means of thermometers cemented in contact with the
surfaces with plaster of Paris. Such temperatures are less than the
true surface temperatures but corrections for the thermometer read-
ings were obtained, by the application of thermocouples, and added
to the readings of the thermometers. Fifteen temperatures were ob-
tained on the various surfaces which included cast front, galvanized-
iron bonnet, casing proper, recirculating connection, and the concrete
floor beneath the furnace. All of these surfaces emitted heat to the
surrounding atmosphere and objects by convection and radiation and
the calculation of -the losses was made as follows:
H KA (t - ta) =B. t. u. per hr.
in which A represents the exposed area in sq. ft., t, the surface tem-
perature, ta the temperature of the surrounding atmosphere, and K
the corresponding coefficient of emissivity. In Fig. 57 the curves show
TeIGperare OlffIre'e/ce sCO eFII7EN / /14/1 V 7E '. A
FIG. 57. EMIssIVITY COEFFICIENT CURVES
values of the coefficients of emissivity obtained in previous tests,* and
also some plotted from the results of other investigators.t
* "Emissivity of Heat from Various Surfaces," Univ. of Ill. Eng. Exp. Sta. Bul. 117,
1920.
t L. B. McMillan, T. S. Taylor, F. Wamsler.
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In the case of the concrete floor, it was necessary to calculate the
heat absorbed by the mass of concrete as well as the heat emitted to
the atmosphere below the 10-inch concrete floor upon which the fur-
nace was located.
46. Discussion of Losses.-The results of the heat-loss calcula-
tions for the cast-iron circular-radiator furnace with unlined easing
52 inches in diameter are contained in Table 12. In this table the
distribution of the losses in percentage of the heat of the coal, the
actual hourly loss, and the corresponding surface temperatures are
given for a wide range of register air temperatures.
TABLE 12
HEAT LOSSES FROM A PIPED FURNACE
Register Airn- Recirco-
Temperature Front Bonnet 2li -e i C ng l a i
e r c u  
Floor Total
deg. F. lined Casing Ilating Shoe
Loss in Per Cent of Heat of Coal
130- Low ............ 4.70 2.10 6.40 1.50 4.30 19 0
160-Moderate ....... 5.20 2.10 7.60 1.30 4.20 20.4
190- High ........... 4. 40 1.50 7.00 1.20 3.30 17.4
Actual B. t. u. Loss per hr.
130-Low ............ 6 060 2 711 8 260 1 935 5 540 24 .00
160-Moderate ....... 12 630 5 100 18 450 3 160 10 200 49 600
190-High ...... 20700 7050 32900 5 640 15 500 81 800
Actual Surface Temperatures-deg. F.
130- Low ........ . 294 185 210 110 230 ..... .
160- Moderate ....... 400 225 290 130 300 ........
190- High .. ........ 475 300 380 145 365 ... ..... _
The values given in Table 12 are indicative of the losses which
occur in actual installations. It should be observed that the tempera-
tures are exceedingly high, the hourly losses are very great, and the
percentage of the heat of the fuel which is represented by the losses
from the furnace surfaces denotes a lack of economy.
As an extension to Table 2 of general test data Table 13 presents
distributed heat losses for representative groups of tests. The register
air temperatures and the combustion rates listed will facilitate com-
parison and analysis of the data.
From Table 13 it may be seen that a greater percentage of the
heat of the fuel burned was lost from the surfaces at the low rates
of combustion than at the high rates although the difference was only
one-fifth of the total heat lost. The losses were highest for the furnace
with casing 52 inches in diameter, and reference to Fig. 21 will show
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TABLE 13
DISTRIBUTION or HEAT LOSSES - PIPED FURNACE TESTS
Loss in Percentage of Fuel B. t. . TotalTest Equiv. Reg. Comb. Ls
No. deg . Rate Floor Bonnet Casing Recir. Cast per Per Centdeg. F. Proper Shoe Front of Coal
Group 1-52-in. Unlined Casing
18 177.5 9.65 3.77 1.60 6.50 0.93 4.03 2150 16.80
19 195.0 13.49 3.34 2.17 8.12 1.28 4.61 2496 19.50
20 156.0 6.52 4.72 1.93 7.14 1.41 5.12 2595 20.30
21 140.0 4.40 4.05 2.19 7.12 1.95 5.00 2600 20.30
22 121.5 2.95 4.27 1.96 5.34 1.77 4.33 2260 17.70
23 190.5 12.93 3.40 1.76 5.70 1.40 3.55 2020 15.80
24 176.5 10.55 3.38 1.47 6.24 1.31 2.92 1960 15.35
25 179.5 10.75 3.47 1.91 8.04 1.46 4.53 2500 19.55
26 188.5 13.04 3.51 1.59 7.06 1.35 4.67 2185 17.10
Group 5-56-in. Unlined Casing
46 174.0 8.62 4.03 1.46 3.00 0.88 5.12 1855 14.50
48 124.5 2.93 4.17 2.83 3.47 1.56 5.73 2270 17.75
49 150.5 5.34 5.42 1.50 3.29 1.25 5.74 2197 17.20
50 173.0 9.15 3.50 1.45 3.32 1.29 5.05 1870 14.61
51 193.0 12.70 3.45 1.41 3.39 1.18 4.98 1841 12.70
Group 8-56-in. Lined Casing, Black Iron, 1-in. Air Space
61 130.5 3.13 2.47 1.83 2.67 1.67 4.62 1695 13.30
62 153.5 5.12 2.66 1.55 2.61 1.44 4.29 1605 12.60
63 180.0 8.37 2.85 1.42 2.48 1.27 3.61 1487 11.63
Group 7-56-in. Casing, Corrugated Tin Lining
57 203.5 12.24 2.82 1.83 1.08 1.38 5.85 1657 12.95
58 156.0 5.63 3.12 2.37 1.34 1.39 6.70 1905 14.90
59 132.0 3.38 2.53 1.96 1.46 1.55 6.38 1775 13.90
Group 11-52 in. Black Iron Lined Casing
74 156.0 5.24 2.69 2.57 2.80 1.45 3.29 1635 12.80
75 186.5 9.45 2.70 2.43 2.68 1.41 2.64 1516 11.86
76 169.0 7.24 2.58 2.54 2.69 1.21 3.08 1545 12.10
Group 12-52-imr. Casing with Lining and Radiation Shield
78 192.5 9.50 1.96 2.97 1.09 1.02 2.18 1178 9.22
79 154.5 4.65 1.92 3.27 1.09 1.12 2.95 1325 10.35
80 165.5 6.10 2 01 3.04 0.96 1.00 2.41 1204 9.42
Group 20-Steel Furnace 52-in. Casing, 1-in. Air Space, Black Iron Lining
177.0
146.5
160.0
183.5
8.90
5.32
6.51
9.83
2.45
2.71
3.70
2.83
4.45
3.24
4.86
4.62
1.50
1.70
1.72
1.48
0.77
0.98
0.99
0.94
2.54 1497
3.32 1530
3.28 1861
2.78 1618
11.71
11.95
14.55
12.65
Group 23-Crab Radiator Cast Furnace, 52-in. Casing, 1-in. Air Space, Black Iron Lining
178.5
156.5
162.5
136.5
8.97
6.14
7.15
4.09
2.66
2.34
2.55
2.51
2.65
2.50
2.27
2.23
2.64
2.54
2.37
2.28
1.42
1.48
1.63
1.50
4.18 1731
4.39 1695
3.68 1600
2.08 1353
13.55
13.25
12.50
10.60
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that the furnace was least efficient with this diameter of casing. By
comparing groups 1 and 5 with groups 11 and 8 the effect of linings
may be observed to have amounted to a saving of 5 per cent of the
fuel. In the table may be found heat losses for furnaces of three
types, cast-iron with circular radiator, steel with crescent radiator,
and cast-iron with crab radiator.
47. Tests of Insulated Furnace.-The reduction of the heat lost
from warm-air furnace exteriors constitutes one of the most im-
portant yet difficult problems in warm-air furnace heating. Better
installation and design of furnaces with a view to minimizing friction
and obstruction of the flow of air is the most obvious solution of the
problem but cannot result in complete elimination of the losses.
Insulation of the surfaces has been suggested. A series of tests
was conducted on a furnace with insulating materials applied to the
cast front, the bonnet and the floor surrounding the ashpit section.
In Fig. 58, these insulations are indicated and described. The fur-
FIG. 58. SECTIONAL ELEVATION OF INSULATED FURNACE
nace was lined with a black-iron sheet spaced one inch from the casing
and extending from grate to top casing ring elevation. Table 13
shows that the loss of heat from this 56-inch casing was 2.6 per cent
of the heat of the fuel, and since the casing surface was large and the
possible saving only 2.6 per cent the surface was not insulated. A
view of the insulated furnace is shown in Fig. 59.
ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 59. FRONT VIEW OF INSULATED FURNACE
48. Results of Tests.-The results of the tests are embodied in
the performance curves of Fig. 60 and Table 14. From the curves it
may be noted that for the same combustion rate substantial increases
in capacity and efficiency resulted from the insulation, and that higher
register air temperatures were obtained. The efficiency of the furnace
increased from 60 per cent to 66 per cent at the moderate combustion
rate of 6 pounds.
In Table 14 are listed the values representing available heat above
70 deg. F. at the register for warming the rooms with the correspond-
ing percentage increase resulting from insulation of the furnace.
The principal reduction in heat loss was obtained from the fur-
nace front, although some saving resulted from the insulation of both
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bonnet and floor. In the case of the floor proper, insulation was im-
possible as the ashpit bottom rested upon bosses only one-fourth inch
above the floor.
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TABLE 14
HEAT AVAILABLE AT REGISTER ABOVE 70 DEG. F. FOR INSULATED AND
UN-INSULATED FURNACES
Register Air Combustion Rate
Temperature lb. per sq. ft. per hr.
deg. F.
130-Low ...... 2.8
160-Moderate.. 5.7
190-High ...... 9.5
B. t. u. per hr. Available at
Registers above 70 deg. F.
Not Insulated Insulated
59 000
98 000
139 000
66 000
107 000
152 000
Percentage
Gain
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The gains were significant and indicated that substantial saving
in fuel might be made in average installations by the application of
insulations similar to those used in these tests.
XV. INSULATION AND HEAT LOSS FROM LEADERS
( TESTS 18-26, 68-73 )
49. General Statement.-An analysis of the temperature drol
in and loss of heat from the leader pipes of the piped furnace plant
has been made for the series of tests 18 to 26 -inclusive, Table 2. The
leaders were covered in the usual manner with asbestos paper and the
sizes and arrangement are shown in Fig. 3. The air temperature
drops and the corresponding percentages of heat lost in the leaders
and stacks are shown in Table 15.
TABLE 15
HEAT LOSSES FROM LEADERS AND STACKS
Equivalent Av. Temperature Drop
Register Air
Temp.
deg. F.
177.5
195.0
156.0
140.0
121.5
190.5
176.5
179.5
188.5
In Leaders
deg. F.
13.5
14.5
11.5
10.0
8.0
14.0
13.5
13.5
14.0
In Stacks
deg. F.
7.5
8.5
4.5
4.0
3.5
8.5
7.0
8.0
7.5
Percentage of Heat of
Air at Bonnet Lost
In Leaders
10.05
9.45
10.75
11.25
11.75
9.45
10.25
9.95
9.45
The losses are given in the last two columns of the table. These
values represent percentages of the heat of the air at the bonnet and
are significantly large. The temperature drops are also given in the
table, and it is apparent that it was necessary to heat the air at the
bonnet to an average temperature 18 deg. F. higher than that at which
it was delivered at the registers, and 12 deg. F. higher than that at
which it was delivered to the stacks. Furthermore, it should be borne
in mind that, at a furnace efficiency of 60 per cent, the losses in terms
of coal consumed would be 1 - 0.6 = 1.66 times as great.
50. Tests of Insulated Leaders.-The tests which are discussed
in this section of the bulletin were run to determine the effect (1) on
furnace efficiency and (2) on heat available at the register resulting
from insulating the leader pipes. It has been found that a material
reduction in the heat loss from the leader pipes may be secured by
Test
No.
18
19
20
21
22
23
24
25
26
In Stacks
3.70
3.45
2,60
2.85
3.34
3.45
4.00
* 3.70
3.20
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suitable insulation. As this means less heat lost to the basement it
would therefore appear to be good practice to insulate all warm-air
pipes. However, since this saving in heat loss corresponds to a re-
duction of the average temperature on the warm-air side of the plant,
for a given register air temperature, it was suspected that it might
therefore involve the slowing down of the flow of air and the reduc-
tion of the furnace heating capacity.
An understanding of the fundamental condition governing the
flow of air in a gravity heating system will aid in the explanation of
the paradoxical fact that effective insulation of the warm-air pipes
against the loss of heat may actually reduce the capacity of the plant
for heating. This fundamental condition is that the difference in the
mean densities of the heated air in the pipes and the cooled air in the
recirculating system must be as great as possible for the maximum
flow of air through the system. Any increase in the mean density,
or weight per cubic foot, of the warm-air column, or decrease in den-
sity of the cool air column, will have the effect of decreasing the velo-
city of flow. This chapter deals with a series of tests in which the
effect of this principle was apparent although the tests were conducted
to show the increase in economy which might be obtained by warm-air
pipe insulation.
51. Description of Tests.-The furnace was the same as that
used in the insulated furnace tests, Figs. 58 and 59. The furnace in-
sulation was not removed. The series of tests on the main plant with
leaders covered with three-ply air-cell paper of 3/4-inch total thickness
consisted of six complete efficiency tests covering the range of com-
bustion rates from 3 to 11 lb. per sq. ft. of grate surface per hr.
In addition, corroborative data were obtained from two other test
plants, both of which were equipped with only one leader pipe. These
two auxiliary plants were not fundamentally different, except in the
manner of supplying and measuring the heat input. In one case,
this was done by weighing the condensate from steam heating coils,
and in the other by metering the electrical input to electrical heating
coils. Views of the steam-heated auxiliary testing plant have ap-
peared, in Bulletins 112, 117, and 120 of the Engineering Experiment
Station* and the electrically heated plant is described in Chapter II
and Fig. 4 of this bulletin.
The covering material used in the insulation of the pipes was
1/4 -inch corrugated asbestos paper, ordinarily known as "air-cell"
* "Report of Progress in Warm-Air Furnace Research," Univ. of Ill., Eng. Exp. Sta.,
Bul. 112, 1919.
"Emissivity of Heat from Various Surface's," Univ. of Ill., Eng. Exp. Sta., Bul. 117,
1920.
"Investigation of Warm-Air Furnaces and Heating Systems," Part I, Univ. of Ill., Eng.
Exp. Sta. Bul. 120. 1921.
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asbestos. No alterations were made in the wall stacks or in the artifi-
cial studding surrounding the stacks. In the tests used for compari-
son and reported in Chapter XIV, the pipes were covered with one
thickness of 10-pound asbestos paper. Reference to Bulletin 117 will
show that the air-cell asbestos proved a superior insulating material.
Reference to Fig. 61 will show that the temperature loss of the air in
the leader pipes was reduced two-thirds at high temperatures and
over one-half at low temperatures by the air-cell paper.
52. Results of Tests on Main Plant.-In Fig. 62, the results of
the tests under the two conditions, (1) plain asbestos paper and (2)
air-cell asbestos, are shown in graphical form. Both efficiency and
capacity were seriously reduced by the covering of the leader pipes
with air-cell asbestos. Register air temperatures differed only slightly
for the two conditions, but were low for the high combustion rates,
with air-cell asbestos covering. The information contained in these
performance curves of Fig. 62 must be clearly understood, for capacity
and efficiency are based on the heat put into the air at the point of
exit from the furnace bonnet and are not based on the available heat
delivered at the register. The reduction in capacity amounted to
8 per cent.
In Fig. 63 a condition similar to that represented by the capacity
curves in Fig. 62 is shown. Here capacity was plotted against reg-
ister air temperature and it was found that for the case of the air-
cell insulated pipes the capacities were lower. This reduction in
capacities may be easily explained, for since less heat is lost through
the covered pipes, less capacity need be provided at the furnace
bonnet to maintain a given register air temperature.
The reduction in efficiency is readily explained. It may be ob-
served that the curves of Fig. 64, representing weight of air handled
by the furnace, diverge rapidly for increasing combustion rates, the
air-cell insulated leader pipes being responsible for the reduction.
The reduced velocity of flow of air resulted in higher radiation losses
from the furnace casing surfaces and hence in lower efficiency.
The reduced velocity of flow may also be readily explained. For
a given register air temperature, or at a given combustion rate, with
the pipes protected against loss of heat it is not necessary to have
as high a temperature at the bonnet, or as high a mean temperature
on the warm-air side of the system. Hence the motive head is reduced
by the increase in the mean density of the air in the warm-air pipes.
The final estimate of the efficiency of insulating heat pipes must
be based on the heat available at the register. On this basis, the tests
showed that at the higher combustion rates the air-cell insulated plant
delivered less heat at the register, and that at lower combustion rates
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(below 7 pounds) the air-cell insulated pipes had only a negligible
advantage. This is shown in the heat available curves of Fig. 64.
53. Results of Tests on Auxiliary Plants.-The results obtained
in the tests on the main plant were corroborated by tests carried out
independently on two auxiliary testing plants, referred to in this sec-
tion of the bulletin as the electrically heated and the steam heated
plants.
Figs. 65 and 66, and the tabulated data which they exhibit, show
the results of tests on a second-floor and first-floor pipe respectively
with the electrically heated plant. The data in these two tables show
that the same conditions existed in these tests as were observed in the
tests on the main plant, namely, lower efficiencies and bonnet
capacities for the given register air temperatures in the case of the
air-cell insulated pipe. The reductions in capacity, 6 and 12 per cent
for first and second floors respectively, averaged 9 per cent. Reference
to Fig. 62 will show that the reduction in capacity of the main plant
when the pipes were insulated was also 9.0 per cent.
It will likewise be observed (Figs. 65 and 66) that at the tempera-
ture of 166 deg. F. at the register, the heat delivered at the register
per unit of heat supplied to the furnace was the same for air-cell in-
sulated and asbestos paper covered pipes. This corroborates the re-
sults obtained in the main plant and shown in Fig. 64, in which at
a combustion rate of 6.5 pounds (corresponding to a temperature of
166 deg. F.) the curves representing heat available at the register
coincide.
Further corroborative evidence was found in tests carried out
on a furnace similar to the electrically heated one, but heated by
steam coils. A stack 14 feet high connected to a leader 10 inches in
diameter by 10 feet long showed a reduction in heating effect at the
register, due to insulating the leader pipe with air-cell asbestos, of
8 per cent at 166. deg. F. register air temperature. In this apparatus,
the point of equal heat available, that is, the point of intersection
of the curves, was at 130 deg. F. register air temperature instead of
166 deg. F. A first-floor pipe on the same furnace showed a reduction
of 7 per cent in heat available at the register air temperature of 166
deg. F. for the air-cell insulated case, and the curves representing the
two conditions intersected at 130 deg. F. register air temperature. It
should be noted that the leader pipe in the steam-heated furnace tests
was almost twice as long as those used in the main furnace plant, and
that exact agreement could not therefore be expected. The general
result is, however, corroborative.
54. Conclusions.-The use of the insulating material on the
leader pipes as applied in these tests showed no beneficial effect on
furnace economy or heating capacity.
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The results described in this report do not apply to insulation of
the furnace proper. It has been demonstrated that marked economy
may be obtained by furnace casing insulation.
XVI. INSULATION AND HEAT Loss OF WALL STACKS
55. General Statement.-It was explained in Chapter XV that
conditions which cause a reduction in the mean temperature of the
air in a gravity system for a constant temperature of discharge at the
register cause a reduction in the heating effect obtainable. The effect
of this principle has been studied in relation to wall stacks in addi-
tion to leaders. In Table 15, average losses of temperature and of
heat are given for the stacks of the piped furnace plant (Figs. 1, 2, and
3) which were enclosed in studding spaces. Half of these stacks were
of single-wall and half of double-wall construction. These losses are
representative of the losses which occur in installations but are not
applicable to all conditions, for in Figs. 16 and 17 it may be observed
that the temperature drop in stacks varies with the size of the stack
and with the size of the connected leader.
In Fig. 14 the differences in temperature between furnace bonnet
and registers for all the stacks tested on a 10-inch leader are plotted
against register air temperature. Figure 15 presents similar informa-
tion for those systems in which the leader pipe was 8 inches in diam-
eter. Fig. 16 shows the drop in temperature in the stacks only, for
those stacks which were connected to a 10-inch leader, and Fig. 17
gives the same information for stacks connected to an 8-inch leader.
A comparison of the two figures will show that the temperature drop
in air flowing in the stacks was greater when the small leader was
used than when the larger leader was used.
The curves in Figs. 14 to 17 inclusive showing the relation be-
tween temperature drop in the stacks and leaders and register air
temperature are straight lines. The drop in temperature in any
particular stack is equal to the temperature increase at the register
multiplied by a constant within the range shown. The value of this
constant varies with the different stacks. As might be expected the
temperature drops for the single-wall stacks were greater than for the
double-wall stacks. For a given register air temperature, the tem-
perature drop in the leader pipe may be determined by subtracting
the drop in the stack alone as given by the curves of Fig. 16 from the
drop in both leader and stack as given by the corresponding curves
of Fig. 14.
Figure 67 was prepared for the purpose of showing the relation
between the stack size and the temperature losses for a constant
ILLINOIS ENGINEERING EXPERIMENT STATION
Re/la/,ive S'acl" Area
l/0-/n ia. StIcx T7'A/e 7 as ,7?/y
FIG. 67. DROP IN TEMPERATURE OF AIR FLOWING IN PIPES COMPOSED OF
10-INCH LEADER AND VARIOUS STACKS
register air temperature. It is very evident that as the stacks were re-
duced in size at a uniform rate the temperature drops in the leaders
and stacks increased at a greater rate. This was true for both single-
wall and double-wall stack installations. With the stacks alone the
conditions were different, since the double-wall stacks actually showed
a lower temperature loss for the small sizes than for the large ones,
and the single-wall stacks showed only a slightly greater loss for the
small sizes than for the large. By taking the difference between the
upper and lower curves, for either double-wall or single-wall stack,
and thus obtaining the amount of temperature drop in the leader, it
will be seen that the loss of temperature in the leader, unlike the
loss in the stacks alone, was much greater when the smaller size stacks
were connected to the leaders than when the larger ones were used.
This serves to explain why the efficiency for the whole system, Fig. 77,
is much lower when small size stacks are used. It should be noted
that the temperature drop in the leader was greater than the drop in
the stack except when the larger stacks were used.
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56. Single-Wall and Double-Wall Stacks.-The question of the
relative value of single-wall and double-wall stack construction has
been given considerable attention in the tests with the auxiliary plant.
In Fig. 74 it is shown that a single-wall stack delivers a greater
heating effect for a given size stack than does a double-wall stack at
the same register air temperature, or conversely, that a larger size
double-wall stack must be used to obtain equal heating effect. At the
same time the heat input curves at the bottom of Fig. 74 show that
more heat must be supplied to the furnace when the single-wall stack
is used. This is borne out by the curves of Figs. 14, 15, 16, 17, and
67, which show that if either a fixed register air temperature or a
fixed heating effect is maintained with a single-wall stack the tempera-
ture losses will be greater throughout the system than will be the
case if a double-wall stack of the same internal dimensions is used.
The reason for this greater heating effect with single-wall stacks
at a fixed register air temperature is that higher temperatures must
prevail throughout the single-wall tin pipe system to make up the
losses and consequently a greater motive head and velocity will exist.
That this is true is evident by reference to Fig. 79 in which the
velocity curve for single-wall stacks lies uniformly above that for
double-wall stacks.
Heating effect based on register air temperature is discussed in
Chapters XVII and XVIII as a basis for design. In practice the
heat input is controlled so as to produce the register air temperature
necessary to give satisfactory heating with the particular installation.
Single-wall and double-wall stacks may be compared on the basis of
either heat input or heating effect but from the standpoint of maxi-
mum conservation of heat they should be compared on the basis of con-
stant heat input to the furnace.
In Fig. 75 such a comparison is shown. The values in Fig. 75
were selected from the heat-input-heating-effect curves of Figs. 72
and 73. When the two types are compared on the basis of constant
heat input to the furnace, it appears that the double-wall stacks are
more effective than the single-wall, the difference amounting to 3 or
4 per cent. But it should also be noted from the curves at the bottom
of Fig. 75 that higher register air temperatures exist when the double-
wall stacks are used. Figure 77 shows also that the efficiency of the
whole system is higher when double-wall stacks are used. The double-
wall stack no doubt owes its greater efficiency to the lower temperature
losses in the system as is evident from the curves of Figs. 14 to 17 in-
clusive.
In addition to these comparisons it should be taken into con-
sideration, however, that a much larger single-wall stack can be in-
stalled in a given space. If, therefore, the comparisons are based on
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the external dimensions of the two types, a different result may be
obtained. For example, a 3-inch by 10-inch double-wall stack with
a 10-inch leader has a stack to leader ratio of 0.382. By reference
to the curves of Fig. 75 it is evident that a 3-inch by 10-inch double-
wall stack will deliver 81 per cent of the maximum heating effect,
whereas a 3%-inch by 10%-inch single-wall stack with a 10-inch leader,
and a stack to leader ratio of 0.49, will deliver 88 per cent of the
maximum. The respective temperatures at the registers will be 210
and 190 deg. F.
57. Stacks in Studding Space.-The loss of temperature in a
given weight of air flowing in a single-wall pipe will always exceed the
loss in a double-wall pipe of the same internal size and shape in the
same surroundings for a given heat input to the furnace. Hence
the general differences between the heating effects to be obtained
with the two types will be of the order described in this bulletin, al-
though the magnitudes of these differences may not agree exactly with
those recorded herein. This has been proved by tests of single-wall and
double-wall stacks in plastered housings simulating partitions in the
auxiliary plant and on the main plant as may be verified by reference
to Table 6 in Bulletin 112 of the Engineering Experiment Station.
Further, it should be pointed out that a single-wall stack in a
protected studding space has heating characteristics somewhat similar
to those of a double-wall stack. In such a case, by referring to Fig.
75, it is evident that the relative heating effect for the 3%-inch by
10 5/-inch single-wall stack may be further advanced from 88 per cent
to the corresponding value for a double-wall stack, namely, 91 per cent.
The conclusion as regards single-wall and double-wall stacks is,
therefore, that from the standpoint of over-all thermal efficiency (heat-
ing effect for a given heat input) with the same internal stack dimen-
sions the double-wall stack excels, but with the same external dimen-
sions the single-wall stack is to be preferred.
58. Vented and Unvented Double-Wall Stack.-Tests have been
conducted to determine the influence upon heating effect of permitting
circulation of air through the space between the metal walls of double-
wall stacks. Figure 68 shows the details of the stack and the vents
which provide for the passage of air between successive stack sections.
At each joint twenty-eight holes, each approximately one-fourth-
inch in diameter, were provided and in the register box two large holes
served as exits for the rising current of air in the air space of the
double wall. Three conditions of venting were tested, (a) all vents
open, (b) top and bottom vents sealed, and (c) vents sealed between
all of the seven sections.
The results of the tests are shown in the table of Fig. 68 and the
curves of Fig. 69. The curves of Fig. 69 show that the heating effect at
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the registers was increased when the vents were stopped, condition (c),
the increase amounting to 8 per cent at low register air temperatures
and diminishing to 2 per cent at high register air temperatures. No
appreciable difference was observed between conditions (a) and (b).
Observations made with a thermocouple soldered to the surface
at the point indicated in Fig. 68 showed that at 198 deg. F. at the reg-
ister the surface temperature increased 2 degrees when the vents were
sealed. Since at this high register air temperature the surface tem-
perature changed only 2 degrees, it was concluded that no additional
fire hazard would result from stopping the vents.
The table of Fig. 68 shows that the average register air tempera-
ture for the tests was 192 deg. F. and that the heating efficiency of
the whole system as measured at the register ran highest for the sealed-
vent stack. The efficiency was increased
(65.2-63)
63 X 100 = 3.49 per cent.63
The results show that the non-vented stack had the greatest heat
delivering capacity at the register because of the higher mean air tem-
perature in the stack and the resulting greater motive head in the
stack. The fact that surface temperatures of the tin were higher in
the non-vented stack than in the vented stack is conclusive evidence
that the mean air temperature was higher in the former.
XVII. SIGNIFICANCE OF REGISTER AIR TEMPERATURES
( TESTS 11-127 )
59. General Statement.-The significance of the air temperature
at the registers of a gravity warm-air furnace heating system and its
effect on both the weight and the volume of air circulated by such a
system in order to heat a given building must be thoroughly under-
stood before the data presented in the next two sections can be prop-
erly interpreted and applied. The tests which have been reported in
this bulletin (Table 2) show that the average air temperatures at the
registers may range from below 120 deg. to above 220 deg. F., de-
pending on the rate of combustion and the initial temperature of the
entering air. In order to maintain a common basis of comparison, all
tests have been corrected to an initial air temperature of 65 deg. F.,
and the corresponding register air temperature denoted as "equiv-
alent register air temperature above 65 deg. F.," is always reported,
that is, equivalent register air temperature = observed register air
temperature - observed initial air temperature + 65 deg. F.
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FIa. 70. INCREASE IN WEIGHT AND VOLUME OF AIR REQUIRED FOR CONSTANT
HEATING EFFECT AT VARIOUS REGISTER AIR TEMPERATURES
60. Relation between Heat Available at Registers and Air Tem-
perature at Registers.-Apparently any register air temperature fall-
ing between the limits of 120 and 220 deg. F. could be used for
designing a furnace heating system. While this is theoretically pos-
sible, reference to the following equation will show that as the register
air temperature is reduced the weight and also the volume of air re-
quired to supply the heat for a given building will increase very
rapidly, the converse of this being equally true for an increase in the
register air temperature:
H = WX 0.24X (T-70)
in which
H = B. t. u. required per hr. for heating rooms to 70 deg. F.
W = weight of air circulating, lb. per hr.
0.24 = fraction of a B. t. u. required to raise 1 lb. of air 1 deg. F.
T = register air temperature, deg. F.
70 = mean temperature of room at breathing line, deg. F.
Since the heat available at the register, H, is to be fixed, various
values may be substituted for the register air temperature, T, and the
equation solved for the corresponding value of W, the weight of air.
This process has been carried out in obtaining the values in Table 16
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in which W is the weight of air required at five different register air
temperatures. The percentage increase in W is shown for the various
register air temperatures. These relative values of W are shown
graphically in the "weight" curve of Fig. 70.
TABLE 16
EFFECT OF VARIOUS REGISTER AIR TEMPERATURES ON
THE WEIGHT OF AIR REQUIRED TO GIVE A
CONSTANT HEAT AVAILABLE
Register Air Temp. deg. F ................. ..
Rise (Reg. Temp.-Inlet Temp.) ..............
Relative Weight of Air in Terms of Weight
at 175 deg. F ...........................
Per Cent Increase over Weight at 175 deg. F.. . . .
175
105
1.0
0
160 150 140 130
90 80 70 60
1.168 1.312 1.50 1.75
16.8 31.2 50 75
The values given in Table 16, line 3, represent relative velocities
of flow in the return ducts for the five cases. In the case of the warm-
air pipes and stacks, however, a correction for the density of the
warm air is necessary if velocity comparisons are to be made. The
curves of Fig. 70 show these relative weights and volumes referred
to a register air temperature of 175 deg. F., which is a satisfactory
basis for practical conditions of installation, and has been approved
by the National Warm-Air Heating and Ventilating Association.
Finally, it should be pointed out that not only must a rapidly in-
creasing weight and volume of air be circulated as the register air
temperatures are decreased, if a given heating effect is to be produced,
but also that the operating head available to move this increased
weight and volume is being rapidly reduced at the same time. The
selection of a proper air temperature at the registers is fundamental
to the correct design and operation of a gravity circulating warm-air
furnace heating system.
XVIII. HEAT-CARRYING CAPACITY OF LEADERS
( TESTS 11-16, 18-24, 38, 102, 122, 123 and Curve 4 Fig. 8 )
61. General Statement.-Reference has been made in an earlier
bulletin* to the application of the data obtained in this investigation
to the design of furnace heating systems. In the preceding chapter
it was shown that it is a fairly simple matter to show a very definite
relation between the heat available at a register in B. t. u. per hr.
* "Report of Progress in Warm-Air Furnace Research," Univ. of Ill. Eng. Exp. Sta.,
Bul. 112, pp. 52-55, 1919.
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FIG. 71. VALUE OF SQUARE INCH OF LEADER PIPE AREA FOR FIRST,
SECOND, AND THIRD FLOORS
and the register air temperature. Moreover, the test data from the
main plant and the auxiliary plant, both of which are equipped with
actual leaders and stacks, make it possible to compute the heat avail-
able* per square inch of any leader for any of the tests.
62. Results of Tests.-It is possible to plot the heat available
at a register per square inch of leader against the register air
temperature, for any leader, stack, and register. This has been
done for a great many tests on the main plant in which three different
types of furnaces have been in operation, and also for the tests on
* By "heat available" is meant the heat in the air as it leaves the register face above
70 deg. F., the mean temperature of the room at the breathing line. It is this heat which
is available for making good the heat loss from the room. (See Section 11.)
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the auxiliary plant.* The results of all this work appear in Fig. 71,
and an analysis of the data brings out the following facts:
(a) There is a large increase in the heat available at the
register (sometimes referred to as heat carrying capacity of the
leader) per square inch of leader, for any given leader and stack,
as the register air temperature is increased. (See also Chapter
XIX.)
(b) There is a large increase in the heat available at the
register per square inch of leader, for any given leader and stack,
as the height of the stack is increased. This is especially true
when increasing the height from first- to second-floor level. The
increase from second- to third-floor level is not so marked. (See
also Chapter XX.)
63. Application of Results to Design.-It is quite evident that
the design of a furnace heating system must be based on the B. t. u.
loss per hr. from each room. This method of design is generally
familiar to the engineer and can be used by any well-qualified furnace
man, as fairly simple formulas can be made to cover most types of
installation. Standard handbooks or other workst on heating may
be consulted for methods of computing the amount of heat to be sup-
plied buildings.
Knowing the B. t. u. loss per hr. from any room on any floor
(first, second, or third) and given any register temperature, the heat
available at the register in B. t. u. per sq. in. of leader pipe may be
taken from the curves of Fig. 71. A simple division will give the
square inches of leader pipe necessary to heat the room to 70 deg. F.
For example, take the first-floor rooms of a house and assume
a register temperature of 175 deg. F. From the curve for the first
floor, it is evident that one square inch of leader pipe will carry 103
B. t. u. per hr. to the rooms. Then dividing the B. t. u. loss per hr.
from each first-floor room by 103 gives the number of square inches
of leader pipe necessary to heat each room.
In plotting the curves, the average register air temperature for
any one floor was used in each case. It should be pointed out that
there may be an appreciable variation in register air temperatures
on any one floor. It is therefore evident that the size of the pipe as
figured- may not be absolutely correct in each case. It is not much
in error, however, and in view of the large increase in pipe areas from
one commercial size to the next, the error is negligible for all practical
purposes.
* Since the data available for use in this bulletin are much more complete than those
used in the previous bulletins on warm-air furnace research, the curves here presented
supersede all curves previously plotted.
f "Code of Minimum Requirements for Heating and Ventilation," Sec. III, Trans. of the
A. S. H. and V. E., January, 1924.
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XIX. PERFORMANCE OF LEADERS AND STACKS AS AFFECTED
BY STACK AND LEADER SIZE
(AUXILIARY PLANT DATA, FIGS. 8-17 )
64. General Statement.-An analysis of results obtained in tests
of various second-floor stacks (Section 8 and Fig. 4) with 10-inch and
8-inch diameter leaders, having particular reference to the heating
effect obtainable with various ratios of stack area to leader area, is
presented in this chapter. For a complete analysis of these results,
in addition to the information given herein, that part of Chapter XVI
dealing with the relative effectiveness of single-wall and double-wall
second-floor stacks should be consulted.
65. Relation between Stack Size and Heating Effect for Con-
stant Register Air Temperature and Constant Heat Input.-The curves
of Figs. 8 and 9 show the relation between air temperatures at the
registers and heating effect at the registers, two quantities which were
calculated as indicated in the figures. Figure 8 shows the results for
a 10-inch leader and Fig. 9 those for an 8-inch leader. These curves
have a very practical application in the design of a gravity warm-air
installation. Given a room to be heated and a predetermined register
air temperature, it is only necessary to refer to the curves and select
the wall-stack size corresponding. Thus a room having 9500 B. t. u.
per hr. heat loss in the coldest weather can be heated to 70 deg. F. by
a 3-inch by 12-inch stack at a register air temperature of 175 deg. F.
If higher register air temperatures are permissible, smaller stacks may
be used, and if lower register air temperatures are desired, larger
stacks must be used.
In Figs. 72 and 73 the relation between heating effect at the reg-
isters and heat input to the furnace is shown for all the stacks, Fig. 72
showing the results obtained when a 10-inch leader was used, and
Fig. 73 those obtained when an 8-inch leader was used. The curves
plotted on the basis of heat input are markedly different from those
plotted on the basis of register air temperature. In order to show the
relation between the various sizes of stacks from the two viewpoints,
Figs. 74 and 75 are presented.
Figure 74 was prepared by selecting values for heating effect
at the register at register air temperatures of 130, 160, and 190 deg. F.
for each of the stacks, and comparing the average of these three values
with the average for the round stack of the same diameter as the
leader. Plotted against the stack to leader area ratio, which is also
the relative stack area, these comparative values are shown by the
lines of Fig. 74. Figure 74, therefore, expresses the relation between
the stack to leader area ratio and the relative heating effect for
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constant register air temperature. It should be understood that the re-
sults obtained for the stacks connected to a 10-inch leader were com-
pared with those for the 10-inch diameter stack and likewise the re-
sults obtained with the stacks connected to an 8-inch leader were com-
pared with those for the 8-inch diameter stack. The general direction
covered by the points may be indicated by a straight line, and the
ratio of stack to leader area appears to be the same as the relative
heating effect. In other words, the heating effect to be expected
at constant register air temperature varies directly with the cross-
sectional area of the stack, when connected to the same leader.
Figure 75 was prepared by selecting values of heating effect at
three rates of heat input to the furnace and comparing the average
of the three with the average for the round stack. Plotted against
the stack to leader area ratio the relative heating effect at the register
may be indicated by a curved line as shown in Fig. 75. This figure,
therefore, expresses the relation between stack to leader ratio and rel-
ative heating effect for a constant heat input to the furnace. In Fig.
75 the curves for single-wall and double-wall stacks with 8-inch leaders
are shown in addition to the curves for stacks with 10-inch leaders.
The register air temperatures corresponding to the two pairs of curves
are also shown. Figure 75 indicates that a stack with an area 0.6
times the area of the leader will convey (for a constant heat input
to the furnace) over 0.9 times as much heat to the registers as will a
stack the full size of the leader. It should be noted that the values
obtained for the relative heating capacities of pipes when the basis of
comparison is constant register air temperature are -quite different
from those obtained when the basis of comparison is constant heat in-
put to the furnace, the plotting of these relative capacities on the
former basis giving a straight line, and on the latter a sharply curved
line.
This difference between the curves of Figs. 74 and 75 requires
further explanation and discussion. On the basis of Fig. 75, it would
not appear worth while to use a stack area greater than 0.75 the area
of the leader, while Fig. 74 shows that heating effect is proportional
to stack area, and that greater heating effect can be obtained by using
larger stacks. It must be borne in mind, however, that Fig. 74 ex-
presses a design condition, whereas Fig. 75 expresses an operating
condition. A correct design must be based on a uniform and reason-
able register air temperature (Chapter XVII). In testing under the
operating condition the heat input is kept constant, but the register
air temperature varies with the size of the stack installed. To produce
the desired effect the temperatures may become very high. Thus in
the case just referred to, in which a stack with a relative area of
0.75 (stack to leader ratio = 0.75) would produce 95 per cent of the
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available heating effect, the register air temperature would exceed 180
deg. F. (Fig. 75), whereas by using a stack with a relative area of
0.95 (stack to leader ratio = 0.95) the register air temperature would
not exceed 162 deg. F.
The marked difference in the curves of Figs. 74 and 75 for the
stacks with 10-inch leaders made additional study necessary, for the
purpose of both verifying and explaining the sudden change in the
curves of Fig. 75.
The curves marked "8-inch leader" in Fig. 75 represent the re-
sults of tests with several of the stacks which were used in conjunction
with the 10-inch leader tests. These curves, although not identical
with the curves for the 10-inch leader tests, do indicate that a stack
with an area 0.6 times the area of the connected leader will deliver a
heating effect 0.9 times as great as will a stack the full size of the
leader. The results obtained with the 8-inch leader pipe corroborate
those obtained with the 10-inch leader pipe.
66. Critical Examination.-Further analysis of the conditions
obtained in the tests represented by Fig. 75 is contained in Figs. 76
and 77. In Fig. 76 the factors which influence the heating effect,
namely, the weight of air flowing and the temperature rise in the sys-
tem, are shown separately plotted on the basis of relative stack areas
for a constant heat input. Inasmuch as the heating effect IH is the
product
H W X (Tr- ti) X0.24
it is essential to know the variation in the value of W, the weight of
air, and (Tr - Ti), the temperature increase between inlet and reg-
ister, as the stack size is varied and the heat input held constant. In
Fig. 76 the weights taken from Fig. 10 and the temperature increases
are shown in comparison with these quantities for the best (10-inch
diameter) stack. Thus it may be observed that as the relative stack
areas approached unity the temperatures (Tr - Ti) decreased, but
the weights of air flowing, W, increased. This appears paradoxical
inasmuch as the velocity decreases with the temperature, but at the
same time the air density increases, and as the area of the pipe also
increases the condition shown in Fig. 76 results. As a test of the ac-
curacy of the curves of Fig. 76, the product of air weight and tem-
perature increase should be taken at some fixed stack area and com-
pared with the heating effect for the same stack in Fig. 75. For ex-
ample, at a relative stack area of 0.6, the relative air weight is 0.81, the
relative temperature difference is 1.20, and the product is 1.20 X 0.81
0.97. Reference to Fig. 75 will show that at a relative stack area
of 0.6 the relative heating effect from the 10-inch leader curves is about
0.96.
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As a final corroboration of the shape and significance of the curves
of Fig. 75, the over-all efficiencies of the various systems composed of
the same furnace and leaders but different stacks were plotted (Fig.
77) for a common heat input to the furnace. These over-all efficiencies
were calculated from Fig. 72 by dividing the heating effect for each of
the stacks at the average input of 21 000 B. t. u. per hr. by 21 000
B. t. u. per hr. When these efficiencies are plotted against relative stack
size the resulting curves, Fig. 77, show that the stacks with areas
greater than 0.6 of the leader area can be credited with increasing the
over-all efficiency from inlet to outlet about 5 per cent. On the other
hand, the efficiency curve also serves as a confirmation of results
presented in Figs. 75 and 76 in showing that sizes below 0.6 are re-
sponsible for low heating effect and low efficiencies.
The efficiencies of the stacks on the 8-inch leader are also shown
and will be discussed under the heading of "influence of leader size
upon heating effect." These efficiency points fall along a curve sim-
ilar to that for the 10-inch leader and verify in general the.conclusions
drawn in reference to the tests with stacks on a 10-inch leader.
67. Velocity of Flow in Stacks of Various Sizes.-The results
obtained from a study of air-flow velocities for the various stacks
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tested are embodied in the curves of Figs. 10 and 78. In Fig. 10 the
weights of air flowing in each of the stacks connected to a 10-inch
leader pipe are shown for the entire range of register air temperatures.
From these curves of air, weight values at 160 deg. F. were selected
and the corresponding velocities of flow in the wall stacks calculated.
For these velocity calculations and air temperatures the average of
the air temperatures at the register and the boot were taken as most
nearly representing the mean. These temperatures can be observed
by reference to Figs. 14, 16, and 67.
The velocity of flow in the stacks appears from Fig. 78 to vary
directly with the register air temperature, that is, the curves are
straight lines. In order to show the relation existing between the
curves of Fig. 78 for a constant register air temperature, Fig. 79 has
been prepared. Here relative velocity has been plotted against rela-
tive stack area for the tests with the 10-inch leader. The velocity of
flow, 285 feet per minute, in the 10-inch diameter single-wall stack
was taken as the basis when the corresponding constant register air
temperature was 160 deg. F.
It may be observed that the velocity increased as the stack sizes
decreased, but not in the same proportion. Thus a change from a
10-inch circular stack, with an area of 78.5 square inches, to a rec-
tangular stack with an area 0.6 times as great, or a reduction in stack
area of 40 per cent, resulted in an increase in velocity of 24 per cent,
or in other words, the velocity changed from 285 feet per minute to
354 feet per minute.
In Fig. 79 relative velocity curves are shown for both single-wall
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and double-wall stacks. It should be observed that for a constant reg-
ister air temperature the velocity of flow in an exposed single-wall
stack exceeds the velocity in an exposed double-wall stack. As the
studding and furring materials serve to protect the single-wall stack
from loss of heat (Chapter XVI), for an actual installation the two
curves would lie more nearly together.
In Bulletin 112 of the Engineering Experiment Station* (p. 43),
velocities in the wall stacks averaging 328 feet per minute for second-
floor stacks are recorded at temperatures of approximately 161 deg. F.
The following example will serve to test the applicability of the data
obtained in the auxiliary plant: If a relative stack size of 0.5 is taken,
corresponding to a 3-inch by 13-inch stack, the velocity will be 1.23
X 285 = 351 feet per minute. Since the leader pipe used in obtaining
the data of Bulletin 112 was 8 inches in diameter, this value, 351 feet
per minute, should be reduced as described under Section 68 of this
report, an amount of 6 per cent as shown in Table 17. This cor-
rected value of the velocity would be 351 X 0.94 = 330 feet per min-
ute, which is in close agreement with the value, 328 feet per minute,
recorded for the piped-furnace installation referred to in Bulletin 112.
TABLE 17
HEATING EFFECT FOR VARIOUS STACKS
WITH 10-IN. AND 8-IN. LEADERS
10-in. Leader 8-in. Leader Per Cent
Stack Register I Reduction
Size Air
in. Temperature Curve Heating Curve
deg. F. No. Effect No.
B. t. u. per hr.
2x 10 D 160 5 5100 27
3 x 10 D 160 6 6300 29
3 x 10 S 160 11 6900 30
3 x 12 S 100 10 8000 28
3 x 13 D 160 4 7800 32
3 x 13 S 160 15 8200 31
in Heating
Heating : Effect for
Effect 8 S-in. Leader
B. t.u. per hr.I
4900 4
6000 5
6400 7
7400 7
7300 6
7700 6
68. Influence of Leader Size on Heating Effect of Various Stacks.
-The tests of stacks in conjunction with two sizes of leader pipes
furnish data upon which to base conclusions as to the influence of
leader size upon heating effect. Inasmuch as the leader lengths were
8 feet, a fair average, and as the diameters, 8 and 10 inches, cover the
range of sizes commonly used with second-floor stacks, and as a great
range of stack sizes was tested, the analysis of the data should show
conclusive results.
By reference to Figs. 8 and 9, the data included in Table 17 may
be selected at a register air temperature of 160 deg. F.
* "Report of Progress in Warm-Air Furnace Research," Univ. of III. Eng. Exp. Sta.,
Bul. 112, 1919.
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OF LEADER SIZE AT CONSTANT REGISTER AIR TEMPERATURE
These data based on a common register air temperature show that
when a leader pipe 8 inches in diameter was substituted for one 10
inches in diameter, a reduction in area of 36 per cent, the heating effect
was reduced only 5 or 6 per cent.
In order to show this effect graphically, Fig. 80, which presents
the relation for all the stacks tested, was prepared. In this diagram
the relative heating effect for each of the stacks tested, both single-
wall and double-wall, with both 10-inch and 8-inch leaders, compared
with the heating effect for the 10-inch double-wall stack, is plotted
against the relative areas of the stacks with the area of a 10-inch
diameter stack taken as unity. This method of plotting gives four
curves. As it was not the intention to show a relation between single-
wall and double-wall stacks, the areas between the curves were cross-
hatched into two zones, the upper zone representing the results ob-
tained with a 10-inch leader and the lower zone those with an 8-inch
leader. These comparisons were based on a constant register air
/t
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FIG. 81. INFLUENCE OF LEADER SIZE AT CONSTANT HEAT INPUT
temperature of 160 deg. F., and the zones show that the heating effects
obtained with the 8-inch leader were only slightly lower than those
obtained with the 10-inch leader. From the viewpoint of constant
register air temperature, therefore, there appears to be little advantage
in large leader pipes. This general conclusion appears to be true so
long as the stack area does not exceed the leader area, for the point
numbered 26 in Fig. 80 was obtained with tests of an 8-inch diameter
stack on a leader of the same diameter, and it lies within the zone.
A similar analysis based on a constant rate of heat input has been
made and is shown in Fig. 81 in which the zones overlap for small
stack sizes but diverge as the sizes increase. This divergence is not
great, however, and the general depression of the zone representing
the 8-inch leader pipe tests is approximately 6 per cent. The lower
zone is not carried beyond a relative stack area of 0.64 (based on a
10-inch stack) as this corresponds to an 8-inch diameter stack on a
leader of the same diameter.
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From these analyses of the data for tests of two sizes of leaders,
it is evident that the heat carrying capacity of a leader is not propor-
tional to the area of the leader, but is more nearly proportional to
the area of the stack provided the stack is always as small as or smaller
than the leader.
XX. PERFORMANCE OF LEADERS AND STACKS AS AFFECTED
BY HEIGHT OF STACKS
( SEE AUXILIARY FURNACE TESTS, GRAPHICAL DATA FIGS. 8-17, AND
PIPELESS FURNACE TEST, FIG. 84 )
69. Object of Tests.-On account of the variation in the height
of the column of heated air the velocity of flow of air in stacks and
leaders varies with the height of the register face above the furnace.
To show the effect of varying the height upon the heating capacity
there are available a series of tests on the auxiliary plant (Fig. 5) and
a test on the pipeless furnace plant.*
70. Description of Test Equipment and Method.-A general
description of the auxiliary plant and the method of testing was given
in Chapter II. For the tests discussed in this chapter, a double-wall
stack 43/8 inches by 13 inches connected to a 10-inch diameter leader
pipe 8 feet long and a side-wall type of register were used. The
height variations were obtained by inserting extra lengths of stack.
71. Results and Conclusions.-By plotting heating effect against
register air temperature, the curves of Fig. 82 were obtained. The
significant observation to be made from these curves is the inequality
of the vertical distances between the curves which, however, represent
approximately equal increases in stack height. In order to show the
relation between these curves, Fig. 83 was prepared by plotting
values obtained from Fig. 82 against stack height for four different
register air temperatures. In addition, there was plotted in Fig. 83
one curve which shows the manner in which heating effect varied as
the stack height was increased while the supply of heat to the furnace
was held constant.
From the curves of Fig. 83 the following definite conclusions may
be drawn:
(a) For a given register air temperature the heating-effect
-height relation is not a direct relation; the heating effect in-
creases at a lesser rate than the height.
(b) For a constant heat input to the furnace the heating
* "Investigation of Warm-Air Furnaces and Heating Systems," Univ. of III. Eng. Exp.
Sta., Bul. 120, p. 26, 1921.
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FIG. 84. EFFECT OF INCREASED HEIGHT ON CAPACITY OF A PIPELESS FURNACE
effect may actually be reduced as the height is increased. In
Fig. 83, the dotted line shows that for the particular size of stack
tested any height above 15 feet resulted in a reduced heating
effect. This does not infer that the heating effect could not be
increased by increasing the heat input to the furnace, but only
that if the heat input is fixed there is a limit to the effectiveness
of high stacks.
72. Corroborative Results.-In Bulletin 120 of the Engineering
Experiment Station, page 23, there are shown curves obtained from the
piped plant data corroborating in slope and curvature the curves of
Fig. 83.
In addition, the results shown in the curve of Fig. 84 were ob-
tained by extending the discharge tube of a pipeless furnace* in the
wanner indicated in the sketch. The curve shows that for a constant
temperature at a fixed point in the discharge pipe the velocity of flow
is a decreasing function of the height. The curve has the general
characteristics of the curves of Fig. 83. It may be observed that in
Fig. 84 velocity of flow is plotted against the height of register above
the center line of firepot, while in Fig. 83 heating effect at the register
is the quantity so plotted. It should be understood that these quanti-
ties are comparable when the register air temperatures are the same.
* "Investigation of Warm-Air Furnaces and Heating Systems," Univ. of Ill. Eng. Exp.
Sta, Bul. 120, pp. 26-47, 1921.
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WATER REQUIRED FOR HUMIDIFICATION
XXT. HliMIDITY ANI) EVAPORATING PANS
( SPECIAL EVAPORATION TESTS )
73. General Statement.-The problem of humidification may be
conveniently resolved into three factors:
(1) The percentage of relative hunmidity required for health
and comfort,
(2) the an:ount of water vapor required to produce this
percentage of relative humidity, and
(3) the means to be employed in evaporating such a quan-
tity of water.
All three of these factors have received consideration during the
entire progress of the investigation, and much study and experimental
work has been devoted to securing significant data relating to factors
(2) and (3).
74. Relative Humidity Requirements.-Investigation shows that
with a room temperature of 69 deg. F. a relative humidity of about
40 per cent should be maintained for comfort.*
* "Ventilation Tests at the Chicago Normal College," by the Chicago Commission on
Ventilation, under the direction of Dr. E. Vernon Hill.
"Determination of the Comfort Zone," by P. C. Houghten and C. P. Yagloglou, Journal
of the A. S. H. and V. E., Vol. 29, No. 6, Sept. 1923.
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75. Evaporation Requirements.-The curves in Fig. 85 show the
amount of water that must be evaporated per hour in order to main-
tain various percentages of relative humidity in 10 000 cu. ft. of space
in which the temperature is 69 deg. F., when the outdoor temperature
ranges from - 10 deg. F. to 70 deg. F. These curves are based on 11/2
air changes per hour. In well constructed buildings, where not over
one air change would take place, the amount of water required to be
evaporated per hr. would be correspondingly less than shown in these
curves. Fig. 85 also shows the mean relative humidity outdoors at
Urbana, Illinois. This curve is based on observations made by the
Department of Soil Physics at the University of Illinois and was
plotted from data taken during the five years from October, 1917, to
October, 1922. Readings are made daily at this station at 7 A. M.,
2 P. M., and 7 P. M. The method for computing the curves of Fig. 85
has been previously reported and published.*
In order to use the curves in Fig. 85, a reasonable value is first
chosen for the minimum outdoor temperature. This should be the
same as the outdoor temperature upon which the design of the heating
system is based. The amount of water which must be evaporated to
maintain the desired relative humidity indoors may then be read
from Fig. 85. This amount of water provides the humidity required
for the daytime, during which the temperature to be maintained is 69
deg. F., and is the maximum demand for the evaporative performance
of the humidifier. At night, when the heating system is less active,
the evaporation from the humidifier will probably be less than during
the daytime, but at the same time the temperature in the house may
be 60 deg. F. or lower, and less water is required to maintain the same
relative humidity. A comparatively high relative humidity is not
required at night, however, since the house is usually unoccupied with
the exception of the bedrooms in which the condition of the air is
practically the same as that of the outdoor air if the rooms are properly
ventilated. If the humidifier has a capacity large enough for the day-
time requirements it will therefore prove sufficient for those at night.
In the case of a warm-air furnace system when the outdoor tem-
perature increases the temperature at the register faces decreases. The
evaporation will therefore become less, and tend to compensate for
the fact that less water is required when the outdoor temperature is
higher.
For example, in order to humidify a house of 15 000 cu. ft. of
heated space so that it is comfortable at 69 deg. F., the indoor relative
humidity should be maintained at about 40 per cent. Reference to
Fig. 85 will show that if the outdoor temperature is 0 deg. F. an
* "Humidity Requirements for Residences," Journal of the A. S. H. and V. E., Vol.
29, No. 1, Jan. 1923.
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BURNING BITUMINOUS COAL
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PIG. 88. EFFECT OF AIR MOVEMENT ON EVAPORATION FROM WATER PANS
evaporation of 1.5 X 0.725 = 1.09 gal. of water per hour will be re-
quired of the humidifier during the daytime.
76. Performance of Evaporating Pans.-The curves ii Fig. 86
show the evaporative performance of thre- types of water pans that
are feasible for use in connection with a warm-air furnace. These
curves were obtained on a cast-iron circular-radiator furnace using
anthracite coal. Similar curves are shown in Fig. 87 for two furnaces
using bituminous coal. The crescent-shaped water pan shown in Fig.
86 was used on both these furnaces. In furnace No. 1 the pan was
placed so that the outside surface touched the casing while in furnace
No. 2 it was placed midway between the casing and the firepot.
Fig. 88 shows the evaporation taking place from the surface of
an open pan for various temperatures of the water in the pan. These
data were obtained from an open tank standing in still air, and having
an exposed surface of 18 by 30 inches. The surface of the water was
maintained 4 inches below the top of the tank. Figure 88 also shows
the evaporation from the surface of the crescent-shaped water pan in
furnace No. 3. It is evident that the circulation of the air across the
surface of the water in the pan materially increases the evaporation
over that occurring at the same water temperature when the pan is
in still air.
The curves of Figs. 86 and 87 indicate the difficulty involved in
evaporating sufficient water for adequate humidification by means of
any practical system of pans used in connection with a warm-air
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FIG. 89. CONDENSATION CURVES FOR WINDOWS
furnace. Figure 88 shows that proper humidification cannot be ob-
tained by placing pans on low temperature surfaces such as hot-water
or steam radiators unless an excessive amount of water surface is ex-
posed. Water temperatures of 120 to 130 deg. F. represent the
maximum that can be obtained by such arrangements.
The curves in Fig. 89, obtained by computation, show the tem-
perature of the inside surface of the window glass, and the relative
humidity at which condensation will appear on the inside surface of
the windows, for an indoor temperature of 69 deg. F. and various out-
door temperatures. These curves indicate that when single windows
are used, with a relative humidity of 40 per cent, condensation will
appear on the glass when the outdoor temperature is approximately
30 deg. F. If storm windows are used, the outdoor temperature may
be as low as - 10 deg. F. without condensation occurring.
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APPENDIX
THE ORGANIZATION OF THE FURNACE RESEARCH STAFF
AND THE ADVISORY COMMITTEE
THE agreement* between the University and the Association pro-
vides for a staff of at least two full-time research associates and one
half-time research assistant, who shall be under the direction and
supervision of the Engineering Experiment Station. The agreement
also provides for an Advisory Committee on Furnace Research ap-
pointed by the President of the Association. This committee meets
in conference with the Furnace Research Staff, as occasion may
demand, for the consideration of new subjects to be listed in the
program of investigation, for a review of the work accomplished,
and for a discussion of any matters affecting the scope of the
investigation.
FURNACE RESEARCH STAFF
The personnel of the research staff from April 1, 1921, to Feb-
ruary 1, 1924, is as follows:
M. S. KETCHUM
C. R. RICHARDSt
A. C. WILLARD .
A. P. KRATZ
V. S. DAY
J. A. GFFt .
C. Z. ROSECRANS¶
. Dean College of Engineering, and
Director Engineering Experiment
Station.
. Professor Heating and Ventilation, and
Head of Department of Mechanical
Engineering.
. Research Professor.
. Research Assistant Professor.
. Instructor in Mechanical Engineering.
. Research Assistant in Mechanical
Engineering.
* "Report of Progress in Warm-Air Furnace Research," Univ. of Ill. Eng. Exp. Sta..
But. 112, pp. 61-63, 1919.
t Resigned, August 31, 1922.
1 Mr. Goff was connected with the work only during vacation period, July 1 to Aug.
15, 1922.
1 Mr. Posecrans was connected with the work during the period June 15, 1921, to Aug.
1, 1921.
ILLINOIS ENGINEERING EXPERIMENT STATION
ADVISORY COMMITTEE ON FURNACE RESEARCH
The personnel of the Advisory Committee has been changed some-
what since the investigation was started.* Since April 1, 1921, the
following members of the Association have served on the committee:
P. J. DOUGHERTY, Chlairman,t Heating Engineer, Interna-
tional Heater Co., Utica, N. Y.
E. B. LANGENBERG, Secretary and Treasurer, Haynes-Lang-
enberg Mfg. Co., St. Louis, Mo.
R. E. LYND, Manager Buffalo Plant, Richardson and Boynton
Co., Buffalo, N. Y.
R. W. MENK, Manager Furnace Dept., Excelsior Steel Fur-
nace Co., Chicago, Ill.
E. S. MONCRIEF, Vice President, Henry Furnace atid Foundry
Co., Cleveland, Ohio.
F. W. PHELPS, Second Vice President and Treasurer, Moore
Bros., Joliet, Ill.
F. R. STILL, Vice President, American Blower Company, New
York, N. Y.
E. F. GLORE, General Sales Manager, Abram Cox Stove Co.,
Philadelphia, Pa.
C. M. LYMAN, Chairman,* Sales Manager, International
Heater Co., Utica, N. Y.
The present organization of the committee is as follows:
C. M. LYMAN . . . . . . Chairman, Utica, N. Y.
E. F. GLORE . . . . . . . . Philadelphia, Pa.
E. B. LANGENBERG . . . . . . . . St. Louis, Mo.
R. W. MENK . . . . . . . .. . Chicago, Ill.
E. S. MONCRIEF . . . . . . . . Cleveland, Ohio.
F. W. PHELPS . . . . . . . . . Joliet, Ill.
THE EDUCATIONAL RESEARCH RESIDENCE
On December 4, 1923, the National Warm-Air Heating and Ven-
tilating Association at its mid-winter meeting in Urbana, Ill., passed
a resolution providing for the creation of a fund not to exceed $25,000
* "Report of Progress in Warm-Air Furnace Research." Univ. of Ill., Eng. Exp. Sta.,
Bul. 112, pp. 57-58, 1919.
"Investigation of Warm-Air Furnaces and Heating Systems," Univ. of Ill. Eng. Exp.
Sta., Bul. 120, pp. 136-137, 1921.
t Mr. Dougherty was succeeded Oct. 1, 1923, by Mr. Lyman.$ Mr. Lyman succeeded Mr. Dougherty as Chairman, Oct. 1, 1923.
REPORT OF PROGRESS IN WARM-AIR FURNACE* RESEARCH, PART II 147
RESEARCH RESIDENCE
148 ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 91. SECOND- AND THIRD-FLOOR PLANS OF EDUCATIONAL
RESEARCH RESIDENCE
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for the erection and equipment of a test house to be used "in con-
junction with the research work now being carried on at the University
of Illinois." This house is to be known as the "Educational Research
Residence," and the necessary site has already been secured. The
front elevation and floor plans are shown in Figs. 90 and 91.
Such a house will make it possible to compare and correlate the
results of tests of furnaces which are now being made in the laboratory
with the results obtained on the same furnaces under actual house con-
ditions. In addition to this, there are many factors affecting the
performance of a furnace heating system which cannot be adequately
investigated in the laboratory. Such factors are:
(1) The effect of wind,
(2) the relative value of inside and outside air supply,
(3) the significance and proper percentage relative hu-
midity in the house,
(4) the variation of air temperatures from floor to ceiling
in actual rooms with different air temperatures at the registers,
(5) the proper location of furnace with respect to center
of basement,
(6) the relative value of return air ducts above floor com-
pared with ducts placed below basement floor,
(7) the proper location and number of recirculating reg-
isters,
(8) the proper location of warm-air inlet registers,
(9) the effect of various installation details on operation
of wall stacks to upper floors,
(10) the effect of various installation details on operation
of basement pipes,
(11) the relative value of inside as compared with outside
chimneys,
(12) the importance of constant temperature both day and
night,
(13) the problem of the remote room or the room with three
sides exposed, and
(14) the proper installation for a sun porch.
The house will afford a most unusual opportunity to check up
many of the requirements of the new Installation Code.
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*Bulletin No. 109. The Pipe Orifice as a Means of Measuring Flow of Water
through a Pipe, by R. E. Davis and H. H. Jordan. 1918. Twenty-five cents.
*Bulletin No. 110. Passenger Train Resistance, by E. C. Schmidt and H. H.
Dunn. 1918. Twenty cents.
*Bulletin No. 111. A Study of the Forms in which Sulphur Occurs in Coal, by
A. R. Powell with S. W. Parr. 1919. Thirty cents.
*Bulletin No. 112. Report of Progress in Warm-Air Furnace Research, by
A. C. Willard. 1919. Thirty-five cents.
*Bulletin No. 113. Panel System of Coal Mining; A Graphical Study of Per-
centage of Extraction, by C. M. Young. 1919.
*Bulletin No. 114. Corona Discharge, by Earle H. Warner with Jakob Kunz.
1919. Seventy-five cents.
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Twenty cents.
Bulletin No. 116. Bituminous Coal Storage Practice, by H. H. Stoek, C. W.
Hippard, and W. D. Langtry. 1920. Seventy-five cents.
Bulletin No. 117. Emissivity of Heat from Various Surfaces, by V. S. Day.
1920. Twenty cents.
*Bulletin No. 118. Dissolved Gases in Glass by E. W. Washburn, F. F. Footitt,
and E. N. Bunting. 1920. Twenty cents.
*Bulletin No. 119. Some Conditions Affecting the Usefulness of Iron Oxide
for City Gas Purification, by W. A. Dunkley. 1921.
*Circular No. 9. The Functions of the Engineering Experiniiit Siation of
the University of Illinois, by C. R. Richards. 1921.
*Bulletin No. 10O. Investigation of Warm-Air Furnaces and Heating Systems.
by A. C. Willard, A. P. Kratz, and V. S. Day. 1921. Seventy-five cents.
*Bulletin No. 181. The Volute in Architecture and Architectural Decoration.
by Rexford Newcomb. 1921. Forty-five cents.
*Bulletin No. 1288. The Thermal Conductivity and Diffusivity of Concrete, by
A. P. Carman and R. A. Nelson. 1921. Twenty cents.
*Bulletin No. 183. Studies on Cooling of Fresh Concrete in Freezing Weather,
by Tokujiro Yoshida. 1921. Thirty cents.
*Bulletin No. 124. An Investigation of the Fatigue of Metals, by H. F. Moore
and J. B. Kommers. 1921. Ninety-five cents.
* A limited number of copies of bulletins starred are available for free distribution.
t Only a partial list of the publications of the Engineering Experiment Station is
published in this bulletin. For a complete list of the publications as far as Bulletin No. 184,
see that bulletin or the publications previous to it. Copies of the complete list of publica-
tions can be obtained without charge by addressing the Engineering Experiment Station.
Urbana, Ill.
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*Bulletin No. 125. The Distribution of the Forms of Sulphur in the Coal Bed,
by H. F. Yancey and Thomas Fraser. 1921.
*Bulletin No. 126. A Study of the Effect of Moisture Content upon the Ex-
pansion and Contraction of Plain and Reinforced Concrete, by T. Matsumoto.
1921. Twenty cents.
*Bulletin No. 127. Sound-Proof Partitions, by F. R. Watson. 1922. Forty-
five cents.
*Bulletin No. 128. The Ignition Temperature of Coal, by R. W. Arms. 1922.
Thirty-five cents.
*Bulletin No. 129. An Investigation of the Properties of Chilled Iron Car
Wheels. Part I. Wheel Fit and Static Load Strains, by J. M. Snodgrass and
F. H. Guldner. 1922. Fifty-five cents.
*Bulletin No. 130. The Reheating of Compressed Air, by C. R. Richards and
J. N. Vedder. 1922. Fifty cents.
*Bulletin No. 131. A Study of Air-Steam Mixtures, by L. A. Wilson with C.
R. Richards. 1922. Seventy-five cents.
*Bulletin No. 182. A Study of Coal Mine Haulage in Illinois, by H. H.
Stoek, J. R. Fleming, and A. J. Hoskin. 1922.
*Bulletin No. 133. A Study of Explosions of Gaseous Mixtures, by A. P.
Kratz and C. Z. Rosecrans. 1922. Fifty-five cents.
*Bulletin No. 134. An Investigation of the Properties of Chilled Iron Car
Wheels. Part II. Wheel Fit, Static Load, and Flange Pressure Strains. Ultimate
Strength of Flange, by J. M. Snodgrass and F. H. Guldner. 1922. Forty cents.
*Circular No. 10. The Grading of Earth Roads, by Wilbur M. Wilson. 1923.
Fifteen cents.
*Bulletin No. 135. An Investigation of the Properties of Chilled Iron Car
Wheels. Part III. Strains Due to Brake Application. Coefficient of Friction and
Brake-Shoe Wear, by J. M. Snodgrass and F. H. Guldner. 1923. Fifty cents.
*Bulletin No. 136. An Investigation of the Fatigue of Metals. Series of
1922, by H. F. Moore and T. M. Jasper. 1923. Fifty cents.
*Bulletin No. 137. The Strength of Concrete; its Relation to the Cement,
Aggregates, and Water, by A. N. Talbot and F. E. Richart. 1923. Sixty cents.
*Bulletin No. 138. Alkali-Vapor Detector Tubes, by Hugh A. Brown and
Chas. T. Knipp. 1923. Twenty cents.
*Bulletin No. 139. An Investigation of the Maximum Temperatures and Pres-
sures Attainable in the Combustion of Gaseous and Liquid Fuels, by G. A.
Goodenough and G. T. Felbeck. 1923. Eighty cents.
*Bulletin No. 140. Viscosities and Surface Tensions of the Soda-Lime-Silica
Glasses at High Temperatures, by E. W. Washburn, G. R. Shelton, and E. E.
Libman. 1924. Forty-five cents.
*Bulletin No. 141. Investigation of Warm-Air Furnaces and Heating Sys-
tems. Part II, by A. C. Willard, A. P. Kratz, and V. S. Day. 1924. Eighty-five
cents.
* A limited number of copies of bulletins starred are available for free distribution.
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